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ABSTRACT 
An acidified protein beverage was formulated with 5% (w/v) whey protein 
isolate and 0.33% (v/v) phosphoric acid, which allows a claim of “more/plus protein” in a 
commercial application. Due to the food-matrix dependent properties of sensory 
profiles, especially for sweetness intensity, the study investigated the application of 
sugar alcohols and natural, non-nutritive sweeteners individually and in combination in 
this acidified whey protein beverage model, with a purpose of developing a naturally 
sweetened sugar-free product in this category. 
  The ideal sucrose concentration was determined to be 10.1% by an acceptance 
sensory test using just-about-right scales with 40 consumers. The required 
concentrations of selected sweeteners to achieve  sweetness equivalent to the 10.1% 
sucrose, which was determined by magnitude estimation scales using 12 trained 
panelists, were 0.0876% for rebaudioside A, 0.130% for monk fruit extract, 15.5% for 
erythritol, 26.7% for lactitol, and 9.53% for xylitol.  
In addition to individual sweeteners, combinations were developed at a 
sweetness ratio of 50/50 using one sugar alcohol and one natural high-intensity 
sweetener. Thirteen attributes (initial sweetness, sweet aftertaste, long-lasting 
sweetness, initial sourness, sour aftertaste, long-lasting sourness, initial bitterness, 
bitter aftertaste, long-lasting bitterness, metallic taste, anise taste, viscosity, dryness) 
were utilized to describe sensory profiles of protein beverages sweetened with 
individual sweeteners or combinations of sweeteners. Compared to sucrose, 
x 
 
rebaudioside A and monk fruit extract had “off-flavors” (bitterness, metallic taste and 
anise taste), and showed differences in sweetness intensity and temporal profile.  
However, sugar alcohols (erythritol, lactitol, xylitol) covered the “off-flavors” in the 
beverages when used in combination with the natural high-potency sweeteners.  
Combining the high-potency sweeteners with sugar alcohols also improved the 
sweetness temporal profile, but the sweetness profile was still different from that of 
sucrose. Sugar alcohols were more effective in improving the sensory properties in 
combination with rebaudioside A than in combination with monk fruit extract. 
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CHAPTER 1 
INTRODUCTION 
Society today is becoming increasingly health-conscious with individuals taking 
more responsibility for their own health rather than relying on allopathic treatments 
(Prakash and others 2008; Fitch and Keim 2012). Low glycemic foods are gaining more 
attention because of a lower risk of developing obesity and type-2 diabetes, a lower 
probable risk of a hypoglycemic episode, long-term diabetic complications and coronary 
heart disease. Replacing regular sugar (sucrose or high fructose corn syrup/HFCS) is a 
common way to develop low glycemic foods.  
Due to properties of low blood glucose response, low energy value, and non-
cariogenic (Livesey 2006; Maguire 2006), non-nutritive sweeteners (NNS) have been 
considered as good sugar substitutes in food applications, especially in beverages which 
are the primary sources for sugar/HFCS intake. Analysis of National Health and Nutrition 
Examination Survey data collected from 1999 to 2008 shows that beverages sweetened 
by NNS increased from 6.1% to 12.5% among children and from 18.7% to 24.1% among 
adults (Sylvetsky and others 2012). It indicates a big demand on sugar-reduced/free 
products, and a development of non-nutritive sweeteners’ application. 
The main category of non-nutritive sweeteners is artificial sweetener, which has 
been discovered and introduced into the market for a long time. However, with the 
increasing concern on natural ingredients, there has been much debate regarding the 
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health advantages and disadvantages of artificial sweeteners. Therefore, the beverage 
industry tends to avoid artificial sweeteners because of consumers’ expectation for 
natural ingredients.  
Rebaudioside A and monk fruit extract are new high-intensity sweeteners that 
recently received approval from the U.S. Food and Drug Administration (FDA). Like other 
non-nutritive sweeteners, they have low blood glucose response, low energy value, and 
non-cariogenic capacity. Moreover, they are identified as natural sweeteners that 
attract consumers’ and industries’ attention. However, because of an apparent 
sweetness temporal profile and undesirable tastes (bitter, metallic, liquorice-like tastes), 
neither rebaudioside A nor monk fruit extract can replace sugar without changing the 
sensory profile as a sole sweetener.  
Sugar alcohols are low caloric, non-cariogenic natural sweeteners with a sugar-
like sweetness profile. In this case, they are considered to be used as bulk sweeteners 
with natural high-intensity sweeteners, in order to improve the sensory profile without 
changing the “natural” status. There are seven sugar alcohols which have been 
approved “as generally recognized as safe” (GRAS) by the FDA: erythritol, isomalt, 
lactitol, maltitol, mannitol, sorbitol and xylitol. With a consideration of experimental 
availability, three sugar alcohols were selected to combine with rebaudioside A and 
monk fruit extract respectively.  
Among them, erythritol is the only one stated as non-caloric sugar alcohol since 
it is not metabolized and fermented (DeCock 2012). Its combination with intense 
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sweeteners has been widely applied to commercial products, such as carbonated 
beverages and table-top sweeteners. Therefore, erythritol was the first choice to be a 
bulk sweetener in this study. The other two were chosen to represent one 
monosaccharide and one disaccharide based on their molecular structure.  Isomalt and 
mannitol were eliminated due to the low aqueous solubility (O’Brein-Nabors and 
Hedrick 2012), isomalt and mannitol. Finally, lactitol (disaccharide) with the lowest 
sweetness intensity and xylitol (monosaccharide) with the highest sweetness intensity 
were selected to be the second and third bulk sweetener in an acidified whey protein 
beverage model. 
Since the sensory profile is food matrix dependent, the ideal sweetness provided 
by sucrose, the sweetness intensity, sweetness temporal profile and other sensory 
attributes will be significantly different depending on the concentration being used, pH, 
temperature and the presence of other ingredients. In order to replace sucrose 
successfully, it is necessary to investigate the sensory profile under specific 
circumstances (acidified whey protein beverages, in this case). Thus, an acceptance test 
with a “just-about-right” scale was employed to determine the ideal sweetness that 
consumers accept; magnitude estimation scales were utilized to determine sweetness 
equivalency related to sucrose (Stone and Oliver 1969; Moskowitz 1970); and a 
Quantitative Descriptive Analysis (QDA) was used to investigate the sensory profile of 
acidified whey protein beverages sweetened by sugar alcohols and natural high-
intensity sweeteners individually and in combination (Lawless and Heymann 2010).  
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Considering those ideas about the application of natural, non-nutritive, high-
potency sweeteners and sugar alcohols individually and in combination in an acidified 
protein beverage model, the objectives of this study were: 
• To determine the ideal sweetness in an acidified whey protein (5% w/v) beverage 
model sweetened by sucrose; 
• To determine the equivalent sweetness of individual sweeteners (rebaudioside A, 
monk fruit extract, erythritol, lactitol, xylitol) in the beverage model, relative to ideal 
sucrose concentration; 
• To investigate sensory profiles of the beverages sweetened by various sweeteners 
(rebaudioside A, monk fruit extract, erythritol, lactitol, xylitol, and their 
combinations); 
• To evaluate the improvement of the sensory profile by combining sugar alcohols and 
natural, high-intensity sweeteners in the beverages; 
• To optimize the ideal ratio and formulation among six sweetener combinations 
(rebaudioside A/erythritol, rebaudioside A/lactitol, rebaudioside A/xylitol, monk 
fruit extract/erythritol, monk fruit extract/lactitol, monk fruit extract/xylitol). 
Based on these objectives, the hypotheses are that we will find significance in 
sensory profiles between sweetener combinations in comparison of sucrose, and it is 
possible to achieve the sensory profile that is closer to that of sucrose by combining 
sugar alcohols with natural, high-intensity sweeteners. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Sweeteners  
2.1.1 Nutritive Sweeteners 
Nutritive sweeteners are essentially considered as carbohydrates which serve as 
an energy source in the diet.  Based on the energy value, they could be classified into 
two groups: one consists of monosaccharides and disaccharides with a value of 4 kcal/g, 
such as glucose, fructose, and sucrose; the other one is a category of sugar alcohols 
(polyols), which provide an average of 2 kcal/g (Fitch and Keim 2012). Nutritive 
sweeteners either naturally come from fruits, vegetables, and dairy foods (intrinsic), or 
are added into foods during processing (extrinsic). The 2010 Dietary Guidelines for 
Americans (DGA) reported that added sugars contributed approximately 16% of total 
energy in the U.S. population (Dietary Guidelines for Americans 2010). Based on the 
USDA pattern, the usual daily nutritive sweeteners intake for adults aged 19 years and 
older is 79 g in a daily diet of 2,000 kcal. It is 2.5 times greater than the maximum 
recommendation, which is 32 g (Dietary Guidelines for Americans 2010).  
In recent years, it is widely understood that, a high nutritive-sweetener diet is 
one of contributors to health concerns, including obesity, type-2 diabetes or pre-
diabetes, inflammation, cardiovascular disease, hypertension, and certain cancers 
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(Dietary Guidelines for Americans 2010; Tandel 2011). Recent studies have been 
reviewed to discuss the relationship between nutritive sweeteners and those health 
issues (Malik and others 2006; Johnson and others 2009; Malik and others 2010; 
TeMorenga and others 2013).  
Nutritive sweeteners, which are found in foods, include glucose, fructose, 
sucrose, maltose, corn-based sweeteners, agave nectar, and various types of sugar 
alcohols. Among them, sucrose, high fructose corn syrup (HFCS), and sugar alcohols are 
commonly utilized in applications by industries.  
2.1.1.1 Sucrose 
Sucrose is a disaccharide which occurs naturally in fruits and vegetables. It is 
composed of glucose and fructose at a ratio of 1:1 approximately. Due to a great 
abundant availability, sucrose is used as a standard reference for sweetness potency. 
The most common sweetness intensity in sweetened foods corresponds to a sucrose 
solution ranging from 5% to 12% (Nicol 1982).  
As for digestion and absorption, sucrose is hydrolyzed to fructose and glucose in 
the small intestine. The large amount of sucrose which is digested in small intestines 
results in a high blood glucose and insulin response after ingestion (Quezada-calvillo and 
others 2006). 
Sucrose is a not only a significant source of calories (4 kcal/g) and sweetness in 
the diet, but also fulfills other roles in food applications. Depending on the type of food, 
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sucrose has the following functions which are important to the safety and quality of 
products: 1) to inhibit microbial growth by binding water in jams and jellies; 2) to 
provide texture, flavor, and color to baked goods through Maillard Reaction; 3) to 
support the growth of yeast for leavening or fermentation as a source of carbohydrates; 
4) to enhance the crystallization of confectionary products; 5) to balance flavor profile 
of products (Nicol 1982; Wiggall 1982). 
2.1.1.2 High Fructose Corn Syrup 
High fructose corn syrup (HFCS) is produced from corn syrup, which is typically 
100% glucose. This syrup undergoes enzymatic processing to increase fructose content 
and is then mixed with glucose (Takasaki 1966). In 1983, the FDA formally listed HFCS as 
safe for use in food and reaffirmed the decision in 1996. High fructose corn syrup can 
contain fructose with a range from 42% which is often used in bakery applications, to 55% 
which is used in beverages, and has a similar composition as sucrose (Dietary Guidelines 
for Americans 2010). 
High fructose corn syrup, like its major components fructose and glucose, has an 
energy value of 4 kcal/g dry basis. The absorption of fructose from the small intestine of 
humans occurs by passive diffusion rather than by active transport, as is the case with 
glucose (Palmer 1982). For this reason, at normal concentrations the rate of absorption 
of fructose is slower than that of glucose. Fructose is found in minute quantities in the 
blood. In addition, since some insulin is required for the ultimate utilization of fructose 
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for energy, the insulin response depends upon the extent to which fructose is converted 
to glucose (Buck 2012). 
High fructose corn syrup (HFCS) has a sweetness value in practice very close to 
that of sucrose syrups at the same solids content. The taste of HFCS is often described 
as a “clean” sweetness. It also has a similar temporal sweetness profile to sucrose which 
is immediate but not linger (Buck 2012). Therefore, it can be widely used in beverages to 
provide the identical sweetness by replacing sucrose completely. In the application of 
ice cream, it can assist ice cream to yield a smooth, creamy texture and desirable melt-
down rate.  It is also used in sweet pickles and ketchup to improve the appearance, 
texture and to provide adequate sweetness. Jams, jellies, preserves and canned fruits 
are also being manufactured with HFCS, replacing a major part of the sucrose portion. 
2.1.1.3 Sugar Alcohols 
Polyols or sugar alcohols have been used in foods for many years to decrease the 
intake of carbohydrates which may raise blood glucose levels. Polyols can be used alone 
but are more often used as bulk sweeteners by combining with other polyols or non-
nutritive sweeteners. Energy provided by polyols varies because of two reasons. One is 
the difference in digestibility and metabolism; another is the slow and incomplete 
absorption by passive diffusion (DeCock 2012).  
All polyols are tooth-friendly (Maguire 2006). They do not support the growth of 
bacteria that cause dental caries which has been proved in many studies related to 
different polyols (Burt 2006; Featherstone 1994; Grenby and Phillips 1989a; Grenby and 
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Phillips 1989b; Imfeld 1993; Maguire and others 2000; Mäkenen and other 2005). Xylitol 
and erythritol are also believed to share the property that they can inhibit bacterial 
activity in the mouth to help reduce the risk of dental caries (Mäkinen and others 2001; 
Mäkinen and others 2004; Söderling and Hietala-Lenkkeri 2010). 
All sugar alcohols do not contain a reducing group, so they do not take part in 
Maillard browning reactions (Young H. 2006; DeCock 2012; Fitch and Keim 2012).  
Clinical studies concluded that sugar alcohols, like other nutritive sweeteners, 
can cause some undesirable side effects if over-consumed, such as bloating, gas, cramps, 
laxation or watery diarrhea (Gostner and others 2005; Koutsou 1996; Storey 2007). 
Many of these symptoms are due to the poor absorption and consequent fermentation 
in the large intestine (Livesey 2006). The laxative effect, which varies between all the 
polyols also depends on other factors such as the frequency of ingestion, diet, age, and 
general gut health (Young 2006).  
In the category of sugar alcohols, erythritol, lactitol, xylitol, isomalt, maltitol, 
mannitol and sorbitol have been approved “as generally recognized as safe” by the FDA 
(Fitch and Keim 2010; Nabors U.S. and Hedrick 2012). 
Erythritol 
Erythritol is a white, anhydrous, non-hygroscopic, crystalline substance available 
in powdered or granular form with a mild sweetness similar to sucrose. It is a four-
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carbon sugar alcohol. It is naturally occurring and is produced from natural raw 
ingredients by a natural fermentation process (Perko and DeCock 2006).  
Unlike other sugar alcohols, erythritol is non-caloric, which makes it to be a good 
bulk sweetener. Due to its small molecular size, erythritol is absorbed in the small 
intestine, but not metabolized. The kidneys remove erythritol from the bloodstream and 
it is excreted unchanged in the urine (Bernt and others 1996). Any erythritol that is not 
absorbed passes into the large intestine and is excreted unchanged in the feces. It is not 
fermented like other sugar alcohols, so there is no caloric contribution from 
fermentation by-product absorption (Hiele and others 1993; Lebet and others 1998). It 
has been proved that consumption of erythritol does not raise plasma glucose and 
insulin levels in previous clinical studies (Bornet and others 1996a; Bornet and others 
1996b).  
Since erythritol is well absorbed and not fermented, it bypasses side effects in 
most circumstances which are always associated with sugar alcohols. Clinical tests have 
shown erythritol to be the best tolerated sugar alcohol with no side effects (Perko and 
DeCock 2006). Some studies related to tolerance have been conducted in various foods, 
such as beverages, jellies, and chocolates (Bornet and others 1996a; Bornet and others 
1996b; Ishikawa and others 1996; Storey and others 2007). 
Erythritol is a bulk sweetener providing volume, texture, and microbiologic 
stability similar to sucrose. It is 60-70% as sweet as sucrose, depending on the food 
matrix. The sweetness temporal profile is also similar to sucrose. The main attributes to 
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describe the sensory profile in solutions could be sweet, sweet persistence, burnt sugar, 
caramel, body, drying, smoothness, and astringent aftertaste. When actively dissolving, 
erythritol has a very strong cooling effect (DeCock 2012). When erythritol is the major 
contributor to the sweetness in combination with intense sweeteners, it exhibits 
quantitative synergies (Perko and DeCock 2006). In addition to quantitative synergy, 
erythritol has demonstrated qualitative sensory improvements, including the sweetness 
potency and temporal profile, when combined with other sweeteners. 
Erythritol does not decompose in either acid or alkaline environments. It also 
shows excellent heat stability in a dry state or in a liquid form. Erythritol has a lower 
solubility and hygroscopicity than sucrose and other sugar alcohols, including sorbitol, 
xylitol, maltitol, mannitol, and isomalt. Due to the small molecular size, erythritol 
solutions are less viscous that sucrose solutions when equivalent concentrations are 
compared (Perko and DeCock 2006). 
Lactitol 
Lactitol is a disaccharide composed of sorbitol and galactose, and is produced 
from lactose by catalytic hydrogenation using raney nickel as the catalyst (van 
Velthuijsen 1979). It is 40% as sweet as sucrose, with a mild and clean sweetness 
without any aftertaste.  
Very little lactitol (approximately 2%) is absorbed in the stomach by passive 
diffusion, and the remainder passes undigested to the colon which means none is 
absorbed by the small intestine (Patil and others 1987; Koutsou and others 1996). 
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Therefore, lactitol consumption neither increases the level of blood glucose nor elicits 
the release of insulin (Natah and others 1997). This in turn reduces the amount of 
calories available to the individual which is at most 2 kcal/g. Lactitol is well tolerant, but 
it can still cause laxation if it is over-consumed.  
Due to the absence of a carbonyl group, lactitol is more stable than lactose 
under alkaline conditions, whereas its stability under acidic conditions is quite similar to 
that of lactose. Hydrolytic decomposition of lactitol is observed with increasing 
temperature and especially with increasing acidity. Sorbitol and galactose are the main 
decomposition products (Young 2006).  
With a similar molecular weight to that of sucrose, lactitol has a reasonably good 
solubility. Although the solubility of lactitol is a little lower than that of sucrose at a 
temperature from 5 to 40 °C, it is still high enough (>100 g/100g water) to be applied in 
industrial processing.  Compared with other polyols, lactitol has a smaller cooling effect, 
and is the least hygroscopic of all sugar alcohols except mannitol (Zacharis and Stowell 
2012a).  
Lactitol can be used widely in various food applications. Considering its 
characteristics, it has some particular applications in addition to providing sweetness 
and bulk. The extremely low cooling effect makes lactitol suitable in sugar-free 
chocolate, and its property of low hygroscopicity is employed in bakery foods, chewing 
gum and confectioneries where water absorption is a critical parameter for products’ 
quality. 
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Xylitol 
Xylitol is a white, crystalline carbohydrate. It is found naturally in fibrous 
vegetables and fruits, as well as in various hardwood trees (Aminoff 1974). It can be 
manufactured from a variety of natural plant sources that contain the polysaccharide 
xylan. By hydrolysis, xylan is converted to xylose which is subsequently converted to 
xylitol via catalytic hydrogenation (Aminoff and others 1978). 
About 50-75% of the ingested xylitol which is not absorbed from the small 
intestine passes to the distal parts of the gut, where it becomes a substrate for 
fermentation by the intestinal flora (Touster 1969; Baessler 1978). Because xylitol is 
poorly absorbed and metabolized, the blood glucose and insulin responses following 
xylitol ingestion are apparently lower than those following glucose or sucrose ingestion 
(Nguyen and others 1993; Natah and others 1997). In the United States, the FDA has 
acknowledged the energy value of xylitol as 2.4 kcal/g. The gastrointestinal tolerance of 
humans to high oral doses of xylitol has been tested in both adults and children 
(Akerblom and others 1982; Förster and others 1982; Culbert and others 1986). The 
results of these studies have shown that a daily dose of 30-40 g xylitol is unlikely to 
cause undesirable intestinal symptoms (including laxative effects), except perhaps in 
particularly sensitive persons.  
Xylitol is the only sugar alcohol that exhibits the same sweetness intensity to 
sucrose (Hyvoenen and others 1977) with a similar sweetness temporal profile. In 
addition to replacing sugar individually, xylitol can be combined with other polyols to 
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produce significant sweetness synergy, as well as with high-intensity sweeteners to 
improve a “sugar-like” sweetness (Bond and Dunning 2006).  
A strong cooling effect is experienced when xylitol dissolves in the mouth. 
Because the stability of xylitol is not affected by pH, it can be used across a broad pH 
range. The solubility of xylitol is similar to sucrose at ambient temperatures and higher 
than sucrose at elevated temperatures, with a trend of increasing as temperature 
increases. As a monosaccharide sugar alcohol, xylitol solutions have a lower viscosity 
than sucrose at the same concentration. Xylitol has a slightly higher hygroscopicity than 
sucrose (Zacharis and Stowell 2012b; Nabors and Hedrick 2012).  
Besides regular applications in various foods, xylitol is a primary sugar substitute 
in mint-flavored confectioneries and chewing gum with its inhibiting effect on dental 
caries and strong cooling effect.  
Isomalt 
Isomalt, also known as palatinit, is a disaccharide polyol which has the same 
molecular weight as lactitol and maltitol. It is manufactured by the hydrogenation of 
isomaltulose (Sentko and Willibald-Ettle 2006). The sweetening potency is between 45% 
and 60% compared with that of sucrose with a pure, sweetness without any 
accompanying taste. Isomalt is often combined with both non-nutritive and nutritive 
sweeteners due to its ability in enhancing flavor transfer. The combination with isomalt 
tends to cover the bitter aftertaste of some sweeteners and bulking agents (Sentko and 
Bernard 2012). 
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In humans and animals, approximately 10% of the isomalt intake is absorbed and 
about 90% is fermented in the large intestine (Paige and others 1992). Therefore, blood 
glucose response and insulin responses are low after intake (Livesey 2003). It can be 
concluded that at most 50 g/day is well tolerated by most individuals (Gee and others 
1991; Koutsou and others 1996; Lee and others 2002; Storey and others 2002). Due to 
its limited digestion and metabolism, isomalt provides fewer calories (2 kcal/g) to the 
body than highly digestible carbohydrates do (4 kcal/g).  
Compared to other bulk sweeteners, isomalt has a weak cooling effect which is 
similar to sucrose. Due to its stable glycosidic bond, isomalt is extremely resistant to 
chemical degradation. Due to a small content of glucose, sorbitol and mannitol which 
are substrates for microbiological processes, isomalt also displays a great 
microbiological stability (Sentko and Bernard 2012). The solubility of isomalt is very low 
compared with that of sucrose, while the viscosity does not differ significantly from that 
of corresponding sucrose solutions. For the hygroscopicity, at a storage temperature of 
25 °C, isomalt does not absorb a noticeable amount of moisture until the relative 
humidity exceeds 85% (Sentko and Willibald-Ettle 2006).  
With the characteristics of a high boiling point, a low viscosity in solutions, a heat 
stability and a low cooling effect, isomalt is particularly used in sugar-free confectionary. 
It is also utilized in the application of chocolate due to its similar melting behavior and 
cooling effect to sucrose. The low hygroscopicity also can help extend the shelf-life of 
cookies by reducing water absorption.  
17 
 
Maltitol 
Maltitol is a disaccharide like sucrose, with a similar molecular weight. Like other 
polyols, it is manufactured by the catalytic hydrogenation of the appropriate reducing 
sugar where reactive aldehyde and ketone groups are replaced by stable alcohol groups 
(Kearsley MW, Deis RC. 2006). Maltitol is commercially available in either liquid or solid 
form. As bulk sweeteners, maltitol powders and maltitol syrups both have a pure, 
sweetness, with 90% and 60-90% of the sweetness of sucrose respectively (Nabors and 
Hedrick 2012).  
Maltitol’s poor absorption in the small intestine contributes a reduced energy 
value of about 2 kcal/g. Blood glucose and insulin responses are reduced after ingestion, 
indicating that maltitol and maltitol syrups have low glycemic responses. (Livesey 2003; 
Deis 2006).   
Maltitol does not give any appreciable cooling sensation in the mouth, making its 
sensory profile close to that of sucrose. Maltitol has a relatively high solubility among 
sugar alcohols at room temperature (25 °C) in water, being similar to that of sucrose. Its 
aqueous solution has a low viscosity. Maltitol is also one of the least hygroscopic of the 
sugar alcohols (Kearsley MW, Deis RC. 2006).  
In the application of sugar-free confectionary, maltitol offers a close 
approximation to the properties of sugar with its similar crystallization behavior to 
sucrose and low hygroscopicity, and different glucose syrups can be replaced by the 
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appropriate maltitol syrups. It is also applied in chocolate without a concern of a cooling 
effect.  
Sorbitol and Mannitol 
Sorbitol and mannitol are both monosaccharides manufactured by the catalytic 
hydrogenation of reducing sugars. They are considered as the first generation of polyols 
to be used in foods and beverages as sugar substitutes (Kearsley and Deis 2006). 
Sorbitol is sold in both liquid and solid forms, while mannitol is available only as a 
crystalline solid due to its low solubility.  
Instead of being actively absorbed from the gut, sorbitol and mannitol both pass 
into the blood stream by passive absorption. Their low digestion results in energy 
reductions which are 2.6 kcal/g for sorbitol and 1.6 kcal/g for mannitol (Jamieson 2012). 
The blood glucose and insulin responses are also very low after ingestion.  In the United 
States, mannitol and sorbitol are the only two sugar alcohols which are required to carry 
a warning that “excess consumption can cause a laxative effect” when the indicated 
consumption exceeds 20 g and 50 g for daily intake, respectively (Kearsley and Deis 
2006).  
Sorbitol is 60% as sweet as sucrose, and mannitol is 50% with strong cooling 
effects. Due to similar molecular weights, the viscosity of mannitol and sorbitol solutions 
are little different from dextrose or fructose as the same solids content (Kearsley and 
Deis 2006).  
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Although sorbitol and mannitol have similar chemical structures, they still have 
quite different properties leading to quite specific applications. At 25 °C, the aqueous 
solubility of sorbitol is 70% w/w which is even higher than sucrose. In contrast, only 25 g 
of mannitol can be dissolved in 100 g water at the same temperature, indicating the 
lowest solubility among sugar alcohols (Nabors and Hedrick 2012). Mannitol is the least 
hygroscopic of the polyols. It does not absorb moisture until the relative humidity 
reaches 90%, while sorbitol is much more hygroscopic as a good humectant in baked 
foods, starting to absorb moisture when the relative humidity reaches about 65% 
(Kearsley and Deis 2006). Sorbitol is also used in chewing gum to provide bulk and 
sweetness, and mannitol is applied to chocolate with its non-hygroscopicity. However, 
with the rapid development of other sugar alcohols, sorbitol and mannitol are no longer 
the first choice in sugar-free food applications. For example, the application of sorbitol 
in hard candy is replaced by other polyols, and mannitol in chocolate has been largely 
replaced by maltitol powder (Kearsley and Deis 2006; Jamieson 2012; Nabors and 
Hedrick 2013). 
2.1.2 Non-nutritive Sweeteners 
Non-nutritive sweeteners are known to be at least 30 to 13,000 times sweeter 
than sucrose (Zygler and others 2011). The increased incidences of obesity and related 
health issues correlated to nutritive sweeteners, resulted in an increased popularity of 
sugar-free/reduced foods with non-nutritive sweeteners.  
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Non-caloric sweeteners differ in taste from nutritive sweeteners in sweetness 
potency, sweetness temporal profile and additional “off” tastes such as bitterness, 
metallic and liquorice-like tastes (DuBois 2006). 
Acesulfame-k, aspartame, saccharin, sucralose and neotame are five artificial 
sweeteners approved by the FDA (Fitch and Keim 2010). They can be utilized in foods 
and beverages individually or in combination depending on their sensory profiles. Stevia 
extract (stevioside, rebaudioside A) and monk fruit extract are two natural non-nutritive 
sweeteners which are identified “as generally recognized as safe” by the FDA recently 
(Fitch and Keim 2010). They are considered to combine with other sweeteners to 
decrease the distinct undesirable tastes. However, the primary commercial driver for 
using these sweeteners is their natural status, which would be compromised if they are 
blended with any “artificial” sweeteners. 
2.1.2.1 Natural Non-nutritive Sweetener 
Stevia Extract 
Steviol glycosides, known as stevia extract, are a group of sweet ent-kaurene 
diterpenoid glycosides which are extracted from leaves of the plant Stevia rebaudiana 
Bertoni. Steviol glycosides consist of stevioside, rebaudioside A, rebaudioside 
rebaudioside B, rebaudioside C, rebaudioside D, rebaudioside E, dulcoside A, and 
steviolbioside, accounting for at least 95% of the dried substance. Stevioside and 
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rebaudioside A are the main constituents in extracts, expressing high sweetness 
intensity (Lindley 2006).  
Stevioside and rebaudioside A are shelf-stable in solid form and more stable than 
aspartame and acesulfame-k in liquid form (Gardner and others 2012).  In the 
application of beverages, they both show good stability under normal conditions, 
whereas chemical degradation occurs under extreme conditions of high temperature 
and pH value (Kroyer 1999; Kroyer 2010). A study also reported that stevioside was less 
stable than rebaudioside A in energy drinks, caffeinated and lemon-lime soft drinks at 
various pH values (Wölwer-Rieck and others 2010). Therefore, in heat-processed 
beverages which are always considered as neutral solutions, including sports drinks, 
juices, flavored milk, drinking yogurt and non-acidified teas, the sweetener can show 
good stability during High Temperature-Short Time heat processing and on subsequent 
product storage (Prakash and others 2008). Stevioside and rebaudioside A are also 
stable with fluorescent light and sunlight exposure. Recent studies did not find any 
significant photo-degradation for either rebaudioside A or stevioside in carbonated 
beverages at pH 2.4-2.6 (Clos and others 2008). With fluorescent light exposure for 2 
weeks at 25 °C, rebaudioside A did not undergo any major decomposition in mock 
beverages at pH 3.8 (Chaturvedula and others 2012).  
Steviol glycosides, including stevioside and rebaudioside A, are described as 
having a clean sweetness at appropriate amounts but may be bitter at higher amounts 
(Prakash and others 2008; Goyal and others 2010). Literature reports that the overall 
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quality of taste elicited by rebaudioside A is superior to that elicited by stevioside 
(DuBois and others 1991). Rebaudioside A is described to have a lower bitter taste and 
higher sweetness potency than stevioside. As for the sweetness temporal profile, 
rebaudioside A at 529 mg/L exhibited a significantly longer Extinction Time than sucrose 
at 8% in water at room temperature (Prakash and others 2008), indicating a different 
temporal profile compared to sucrose.  
There is no evidence showing that steviol will accumulate in the body from 
successive ingestions of steviol glycosides (Wheeler and others 2008; Robert and 
Renwick 2008). Nutrition and toxicity studies have also shown that either stevioside or 
rebaudioside A does not pose a serious health threat in various animals (Toskulkao and 
others 1997). In addition, clinical studies found that the consumption of stevia 
significantly lowered insulin levels and postprandial glucose compared with sucrose in 
humans (Anton and others 2010; Barriocanal and others 2008; Ferri and others 2006; 
Hsieh and others 2003). 
Monk Fruit Extract 
Monk fruit extract is a natural high-intensity sweetener, which is also known as 
Luo Han Guo. This extract is a combination of several different cucurbitane glycosides, 
known as mogrosides. Among them, mogroside IV and V are predominates in dried 
fruits (Kinghorn and Compadre 2012). Monk fruit extract is 150 to 300 times as sweet as 
sucrose depending on the exact structure of the mogrosides, the number of glucose 
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units, and the food matrix. It also exhibits a delay in sweetness onset and a liquorice-like 
aftertaste (Lindley 2006).  
Some studies on monk fruit extract or mogroside V have been conducted to 
indicate the apparent safety in food applications (Qin and others 2006; Marone and 
others 2008). 
Since monk fruit extract is the newest sweetener discovered and applied in foods, 
there are few scientific publications that have commented either on the flavor profile in 
detail, or on its physio-chemical properties, which are both important in practical 
applications.  
2.1.2.2 Artificial Sweeteners 
Acesulfame K 
Acesulfame-k is a combination of an organic acid and potassium. It is 
approximately 200 times as sweet as sucrose when used at moderate sweetness levels. 
The sweetness is perceived quickly without unpleasant delay, especially in comparison 
to aspartame and sucralose (Haber and others 2006). Therefore, combining it with other 
non-nutritive sweeteners is the most common application in foods. In addition, the 
great heat stability also allows acesulfame-k to be widely used in foods and beverages. 
Acesulfame-k is 95% excreted unchanged in the urine so it does not provide 
energy and influence the potassium intake (Renwick 1986). No metabolism was 
observed in humans or other animals (Volz and others 1991). It is not metabolized by 
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bacteria of the oral cavity or of the intestine either in combination or individually (Klug 
and von Rymon Lipinski 2012).  
Aspartame 
Aspartame (L-aspartyl-L-phenylalanine methyl ester) is a methyl ester of aspartic 
acid and phenylalanine dipeptide. It is stable under dry conditions, but in solutions, it 
degrades under heat processing. The rate of degradation depends on pH and 
temperature (Magnuson and others 2007). 
Aspartame has a clean sweet taste and is approximately 180-200 times sweeter 
than sucrose. Unlike other high-potency sweeteners, the sweetness profile of 
aspartame is similar to sucrose, with a slightly longer onset time than sucrose and a 
lingering taste which may be improved by blending with other sweeteners (O’Donnell 
2006). Levels of synergy with bulk sweeteners and intense sweeteners are dependent 
on its concentration and blend constituents.  
The presence of phenylalanine as one of the breakdown products of aspartame 
is relevant for consumers with phenylketonuria (Harper 1984). For this reason, products 
using aspartame are required a note on their packages to state that the product 
contains a source of phenylketonuria. Aspartame is not fermented by tooth plaque 
bacteria and is considered to be tooth friendly. It also has no effect on blood glucose 
levels (Abegaz and others 2012).  
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Aspartame is used in many areas of the food and pharmaceutical industries, 
especially in the application of soft drinks and table-top sweeteners. However, due to its 
degradation during heating, it is not suitable in baked goods. 
Neotame 
Neotame is a derivative of aspartame. It is manufactured from aspartame and 
3,3-dimethylbutyraldehye via reduction alkylation followed by purification, drying and 
milling. It is approximately 8,000 times as sweet as sucrose and has a clean sweet taste 
but an apparent liquorice aftertaste at high concentrations (Mayhew and others 2012). 
It does not have bitter and metallic tastes. Sweetness synergy with neotame is limited 
compared to other artificial sweeteners. It has some synergy with saccharin (14-25%) 
but very little with other sweeteners (Mayhew and others 2012). The liquorice off-flavor 
of neotame can be reduced when it is combined with other bulk and intense sweeteners 
(Prakash and others 2002). Neotame is as stable as aspartame in many products and is 
more stable at neutral pH conditions than aspartame (O’Donnell 2006).  
Different from aspartame, neotame degradation does not produce 
phenylalanine, so phenylalanine statements for PKU patients are not required on 
products. Absorbed neotame is excreted in the urine and feces. Neotame is not 
metabolized by oral bacteria, and it does not change glycemic response after ingestion 
(O’Donnell 2006) 
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Saccharin 
Saccharin (1,1-dioxo-1,2-benzothiazol-3-one) is the oldest non-nutritive 
sweetener approved for food applications. It is 300-500 times as sweet as sucrose, with 
a similar sweetness temporal profile. However, it has significant bitter and metallic 
tastes, resulting in a blended application. Sweetness synergy of saccharin with other 
sweeteners is not universal and predictable (Bakal and O’Brien-Nabors 2012).  
Saccharin is very stable under all conditions where it may be exposed in food 
applications. Saccharin is slowly and incompletely absorbed from the small intestine, 
and is not metabolized in humans (DuBois 2006).  
The major applications of saccharins are in beverages, either in finished products 
or in beverages sweetened with saccharin as a tabletop sweetener. With the limitation 
of “off” tastes, it is most commonly employed in blends with other sweeteners. 
Sucralose 
Sucralose (trichlorogalac-tosucrose) is a disaccharide in which three chlorine 
molecules replace three hydroxyl groups on the sucrose molecule. Sucralose is 
approximately 750 times sweeter than sucrose relative to a 2% sucrose solution. At the 
other extreme of 9% sucrose, sucralose is 500 times sweeter than sucrose (Grotz and 
others 2012). In addition, with a similar sweetness temporal profile to sucrose, sucralose 
has neither a bitter aftertaste nor a metallic taste. Its good sensory profile makes it 
suitable either individually or in blend.  
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Most sucralose (85%) is not absorbed and is excreted unchanged in feces. 
Sucralose that is absorbed is excreted unchanged in urine (Molinary and Quinlan 2006). 
It is also non-cariogenic as proved by clinical studies (Meyerowitz and others 1996; 
Steinberg and others 1995, 1996; Mandel an Grotz 2002). 
Due to a great stability during heating, and in low and neutral pH, sucralose can 
be widely used in various foods and beverages, including baked products. 
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2.2 Sweet-sensing Receptors 
 Salty, sour, bitter, sweet, and umani are the five known elements of taste 
perception. They could be detected by taste buds in any area of the tongue, rather than 
have different regions for detection specifically. Taste buds are contained in bumps and 
grooves which are on the surface of the tongue, in the mucosa of the palate, and in the 
area of the throat (Lawless and Heymann 2010). Each taste bud consists of stratified 
squamous epithelium, sustentacular cell, taste cell, taste pore, and connective tissue. 
After a stimuli dissolves in water, oil or saliva in the mouth, it contacts with taste cells 
through taste pores. In the taste cell, there are various taste receptors than can detect 
the stimuli, and finally the information is sent to the gustatory areas of the brain to let 
human recognize the taste perception (Meilgaard and others 2007). The more taste 
buds people have, the more sensitive to taste they tend to be (Bartoshuk and others 
1994). 
The primary sweet receptor is a heterodimer of two sequence-related subunits: 
Taste type 1 Receptor 2 (T1R2) and Taste type 1 Receptor 3 (T1R3). Due to the 
substantial sequence similarity with metabotropic glutamate receptors (mGluRs), two 
T1R receptors belong to the class C G-protein-couples receptor (GPCR) family (Meyers 
and Brewer 2008). Class C GPCRs with a large extracellular region consist of two 
domains: the Venus flytrap module (VFTM) and the cysteine-rich domain (CRD) (Jingami 
and others 2003). The VFTM has two asymmetrical similar subunits oriented 180° to one 
another, each with two lobes to form a clamshell-like structure (Kunishima and others 
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2000). The intersection between lobe 1 and lobe 2 of each subunit forms the cleft which 
can bind sweet ligands, and then the bound ligand is transduced to a signal with the 
existence of the conserved cysteine (Rondard and others 2006). The CRD lies between 
the VFTM and the heptahelical transmembrane domain (TMD), but its exact function is 
still unknown (Assadi-Porter and others 2010).  
Sweet taste receptors can detect and perceives all sweet taste stimuli, including 
sugars, amino acids, sweet proteins, and synthetic sweeteners (Nelson and others 2001; 
Jiang and others 2004; Jiang and others 2005a; Morini and others 2005). In the sweet 
taste receptor, the conformational change is apparently transduced from the VFTM of 
T1R2 to the TMD helical bundle of T1R3, and then onward to the cytoplasmic surface, 
where it contacts and activates the G-protein (Assadi-Porter and others 2010).  
Therefore, both T1R2 and T1R3 subunits are necessary for binding sweet ligands. For 
T1R2 receptor, it is not only required to recognize sweet ligands, but also plays an 
important role on G-protein coupling.  For the sweetness inhibition, Lactisole can bind 
to the T1R3 subunit to inhibit the taste modality (Jiang and others 2005b; Galindo-
Cuspinera and Breslin 2006).  
 
 
 
 
30 
 
2.3 Sensory Profiles in Beverages  
 In various food applications, nutritive sweeteners provide not only the adequate 
sweetness, but also provide other functions, such as binding water, contributing volume, 
and enhancing crystallization (Nicol 1982; Wiggall 1982). Due to these specific 
properties, it is difficult to replace sugar without changing the entire sensory profile of 
products. However, in the application of beverages, the main function of sugar is to 
provide sweetness, as well as to have an effect on mouthfeel in some cases. Therefore, 
non-nutritive sweeteners and their combinations are most likely applied to beverages to 
replace sugar. 
2.3.1 Whey Protein Beverages 
Whey is one of the major by-products in the dairy industry. It is obtained mainly 
during the manufacture of cheese, casein, and other coagulated milk products. Based on 
pH value, protein beverages can be classified into two categories. One is the shake-type 
products at neutral pH between 4.6 and 7.5; the other is acidified whey protein 
beverages with a pH range of 2.8-3.5 (Rittmanic 2006). Because of its low fat and 
minerals levels, whey protein isolate is the best ingredient to formulate protein-fortified 
beverages with high clarity/low turbidity. Different pH values not only result in a 
different appearance of beverages, but also have significant effects on thermal 
processing and storage implications. 
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As whey protein beverages are gaining popularity, recent studies were 
conducted to investigate the effect of pH and ingredients on turbidity and astringency 
(Beecher and others 2008; Lee and Vickers 2008; LaClair and Etzel 2009). Scientists also 
studied on the formula development of whey protein beverages, such as a functional 
beverage with high protein content, inulin and stevia (Rodriguez Furlán and others 
2011), and a whey lemon beverage using a blend of aspartame and saccharin (Menna 
and others 2011). 
In addition to studies related to astringency (Childs and Drake 2010), there were 
no other published reports describing the sensory profile of whey protein beverages 
either at neutral pH or at acidic pH.  
2.3.2 Other Beverages 
2.3.2.1 Sweetness Intensity of Sweeteners 
Since the sweetness intensity is food matrix dependent, a few studies were 
conducted to discuss the sweetness intensity in beverages with different formulations. 
Table 2.1 shows recent publications related to sweetness potency of various 
sweeteners in sugar-reduced/free beverage applications. The majority of sweeteners 
utilized to compare with sucrose were artificial sweeteners individually and in 
combination. Stevia was also involved in some research as a sole non-nutritive 
sweetener or blending with other intense sweeteners.  
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Table 2.1 Recent studies related to sweetness potency of various sweeteners in sugar-reduced/free beverage applications 
Application 
Ideal Sucrose 
Concentration 
(w/v) 
Sweetener Intensity or Equi-concentration (w/v)  
(Relative to ideal sucrose concentration; sucrose=1) 
Individual Sweetener Blends 
Tea Drink 
(Cardoso and others 2004) 
8.3% @ 6 °C 
Aspartame: 277 
Sucralose: 554 
Acesulfame-K: 277 
Stevia: 83.1 Cyclamate/Saccharin (2:1): 332 
8.3% @ 45 °C 
Aspartame: 163 
Sucralose: 679 
Stevia:116 Cyclamate/Saccharin (2:1): 272 
Mango Juice 
(Cavallini and others 2005) 
8% 
Aspartame: 144 
Sucralose: 503 
Stevia: 94 Cyclamate/Saccharin (2:1): 310 
Peach Nectar 
(Cardoso and Bolini 2007) 
10% 
Aspartame: 185 
Sucralose: 629 
Acesulfame-K: 189 
Stevia:101 
Cyclamate/Saccharin (2:1): 280 
 
Passion Fruit Juice 
(Marchi and others 2009) 
10% 
Aspartame: 0.054% 
Sucralose: 0.016% 
— Cyclamate/Acesulfame-K (4:1): 0.036%  
Instant Coffee 
(Moraes and others 2010) 
9.5% 
Aspartame: 187 
Sucralose: 635 
Acesulfame-K: 191 
Stevia:100 Cyclamate/Saccharin (2:1): 280 
Ground Coffee 
(Trevizam Moraes and others 
2010) 
12.5% 
Aspartame: 173 
Sucralose: 599 
Acesulfame-K: 195 
Stevia:75.2 Cyclamate/Saccharin (2:1): 215 
Mango Nectar 
(Cadena and Bolini 2012) 
7% 
Sucralose: 627 
Neotame: 6,026 
Stevia: 134 
Thaumatin/Sucralose (1:1): 549 
Acesulfame-K/Sucralose/Neotame (100:50:1): 259 
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2.3.2.2 Other Sensory Attributes of Sweeteners 
Besides sweetness intensity, there has a limited number of literatures related to 
the sensory profile of various beverages with different sweeteners.  
In 2008, Cardoso and Bolini studied on peach nectar containing sucrose and the 
sweeteners (aspartame, cyclamate/saccharin 2:1 blend, stevia, sucralose and 
acesulfame-K) using Descriptive Quantitative Analysis, showing no statistical difference 
in the attributes of yellow color, cloudy aspect, and brightness. The sample sweetened 
with sucrose presented higher grades in the attributes of visual viscosity, peach aroma, 
peach flavor, and sweetness, while samples containing stevia received high grades in 
unpleasant attributes, such as herb aroma, herb flavor, bitterness, and residual 
sweetness (Cardoso and Bolini 2008).  
In 2012, Heikel conducted a quantitative descriptive analysis in aqueous 
solutions to investigate the flavor profile of erythritol, rebaudioside A, sucralose and 
their combinations (Heikel and others 2012). The attributes of sweet, bitter, metallic, 
caramel, astringent, cooling effect, furry, numbing effect, full-bodied, and long-lasting 
sweetness were evaluated by unexperienced panelists. Results indicated that 
rebaudioside A and sucralose did not receive a “sugar-like” flavor and texture profiles, 
because of the presence of the distinct long-lasting sweetness and the metallic taste. 
However, combinations of bulk and high-intensity sweeteners (erythritol/sucralose, 
erythritol/rebaudioside A) presented an improvement on the flavor profile by masking 
the long-lasting sweetness and the metallic taste.  
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Another research about tagatose, erythritol, sucrose, sucralose, and 
rebaudioside A, was also conducted in aqueous solutions using 34 panelists (Fujimaru 
and others 2012). Sweetness, bitterness, astringency, chemical-like sensations, and 
sweet aftertaste were evaluated by the Labeled Magnitude Scale. Results showed that 
tagatose elicited a sweet taste without undesirable tastes (bitterness, astringency, 
chemical-like sensations), and rebaudioside A was the only sweetener with notable 
bitterness and chemical-like sensations which became progressively intense with 
increasing concentration. The study also concluded that the bulk sweeteners (tagatose, 
erythritol, sucrose) had similar sweetness growth rates, whereas the high-potency 
sweeteners (sucralose, rebaudioside A) had much flatter sweetness functions regarding 
to perceived sweetness intensity. 
In addition to the flavor profile of sweeteners, some studies were conducted to 
investigate the difference of mouthfeel between regular carbonated drinks and diet 
drinks. Kappes and others (2006) conducted a descriptive analysis on eight regular or 
diet colas, and six regular or diet lemon-lime carbonated beverages primarily focusing 
on mouthfeel attributes. They reported that mouthfeel attributes of regular and diet 
beverages were distinct, indicating that products sweetened with “real” sugar may have 
higher tongue heaviness that those with non-nutritive sweeteners.  This conclusion was 
verified by a subsequent study in 2012 (Leksrisompong and others 2012). In a 
descriptive analysis of 18 carbonated lemon-lime beverages, results showed that a 
decreasing perception in the attribute of “body” was associated with the nutritive 
sweetener levels in beverages. 
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CHAPTER 3 
DETERMINATION OF THE IDEAL SUCROSE CONCENTRATION 
3.1 Introduction 
 Sucrose is commonly used in protein beverages to mildly sweeten the solution. 
However, due to the increased health-consciousness of US consumers, more and more 
food companies started employing sugar replacers to decrease the sugar content in 
products without changing the flavor profile.  
Since the sweetness of a sweetener is food matrix dependent, in order to replace 
sucrose successfully, the first thing is to know the ideal sweetness that consumers 
accept in an acidified whey protein beverage model. “Just-about-right” scale is an 
alternative acceptance scale which combines intensity and hedonic judgments together 
(Lawless and Heymann 2010). Especially, in the application to determine the ideal 
sucrose concentration, an acceptance test with the “just-about-right” scale is the most 
commonly applied method because of its simplicity for group utilization. 
 Therefore, the objective of this test was to determine the ideal level of sucrose 
used in whey protein beverages. 
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3.2 Materials & Methods 
3.2.1 Preparation of Protein Solution 
 A preliminary experiment was conducted beforehand using citric acid and 
phosphoric acid at different concentrations in order to determine a suitable ratio for the 
model of protein beverages. Based on the taste and pH, 0.33% phosphoric acid was 
chosen since it provides a milder acidic taste than citric acid, and kept the pH of the 
solution at around 3.3. The daily reference value (DRV) of protein is 50g (USDA 2013), 
and a product containing more than 10% of the DRV can carry the claim of “more/plus 
protein”. The concentration of protein in this study was set at 5% (w/v) which meets the 
label requirement for the “more” claims, because with a serving size of 200mL, the 
beverage would provide 10 g of protein. Sucrose levels of 5%, 7.5%, 10%, 12.5%, 15% 
(w/v) were used to sweeten the protein solution.  
 The beverage samples were prepared at room temperature.  Whey Protein 
Isolate powder (WPI, Davisco, MN, US) was dissolved in drinking water (Culligan, MO, US) 
and stirred at 700 rpm for 2 hours for hydrating the protein. Phosphoric acid (85%, 
Biodiesel, AL, US) was added at the 0.33% (v/v) level and the mixture was continued to 
be stirred for 30 minutes. The solution was stored in the refrigerator at 4 °C overnight to 
allow complete hydration. The next day, the solution was divided and the portions were 
sweetened with sucrose (C&H, CA, US) concentrations mentioned above and volumes 
were adjusted to 2L each. Each formulation was manufactured in triplicate, and all 
samples were stored in the refrigerator at 4 °C for future studies. 
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3.2.2 Sensory Test 
Forty panelists consisting of students, faculty, and staff of the Food Science 
Department at the University of Missouri-Columbia volunteered for the acceptance test. 
The ideal sucrose concentration was determined using a “Just-About-Right” scale. On 
the paper ballot, a 9-category scale was provided for panelists to evaluate the 
sweetness of samples. From left to right, the scale was labeled “extremely weak”, “very 
weak”, “moderately weak”, “slightly weak”, “just about right”, “slightly strong”, 
“moderately strong”, “very strong”, “extremely strong”,  and “just right” was used at the 
middle point. 
Samples were evaluated in individual booths of the Sensory Lab (Food Science 
Department, University of Missouri-Columbia). All solutions were taken out of the 
refrigerator 1 hour prior to testing. They were placed in graduated plastic medicine cups 
which were coded by 3-digit random numbers. Each panelist was served 20 mL samples 
of five different sucrose concentrations in each session. They were asked to place the 
entire content of the cup in their mouth and evaluate the sweetness by marking the 
scale of their level of acceptance. Water and unsalted crackers were provided for 
panelists to cleanse their mouth between samples. After completion of a session, they 
were asked to take a break of at least 5 minutes before starting the next session. 
Samples were determined in triplicates during 3 sessions. For each panelist, samples 
were served in a random, balanced order to avoid first order and carryover effects. 
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3.2.3 Data Analysis 
Subjective data were transformed to numeric values that corresponded to 
categorical scales. All evaluations were scored from -4 to +4 (extremely weak= -4, very 
weak= -3, moderately weak= -2, slightly weak= -1, just about right=0, slightly strong=1, 
moderately strong=2, very strong=3, extremely strong=4). The median value among 
triplicates was utilized to represent the acceptance value of each panelist.  
The results were depicted by histograms with the sensory response distribution 
in percentage related to sucrose concentration, and analyzed by simple linear regression 
between acceptance values and sucrose concentration.  
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3.3 Results & Discussion 
 Figure 3.1 shows the distribution of responses to the sweetness of protein 
beverages sweetened with different sucrose concentrations. From Figure 3.1-a, 14 of 40 
panelists thought the sweetness of the beverage was very weak (score= -3), 11 panelists 
considered the sweetness was moderately weak (score= -2). It can be observed that for 
the 5% sucrose sample, the major percentage of responses (>80%) was associated with 
the category “weak” (score<0), while only 12.5% considered the beverage was sweet 
(score≥0). 
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 In Figure 3.1-b, the number of responses at the level of -2, -1, 0 and 1 was similar 
to each other, which meant there was no obvious peak in the distribution. It shows that, 
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23 of 40 panelists evaluated the beverage as “not sweet” (score<0), while 11 panelists 
thought it was sweet (score>0). Although more panelists scored the beverage above 0 
compared to Figure 1-a, the majority still scored the beverage sweetened with 7.5% 
sucrose as “not sweet enough”.  
 Figure 3.1-c clearly shows a bell-shape distribution with a peak at the middle of 
the possible scores. The peak indicates that the majority of the panel (21 of 40) 
accepted the sweetness as “just right” in the test.   
 In the Figure 3.1-d, the peak still occurred at the level of 0 which represented 
“just right” in sweetness. However, compared to Figure 3.1-c, more responses were 
located on “strong” side, making half of total responses (20 of 40) to be associated with 
the category of “sweet” (score>0) for the 12.5% (w/v) sucrose concentration.   
 From Figure 3.1-e, it is obvious that most responses in sweetness concentrated 
in the category of “sweet” (score>0), and the peak occurred at the level of “moderately 
strong” in sweetness. Among 40 panelists, only two evaluated the beverage as “not 
sweet” (score<0), while 31 thought it was sweet (score>0), and seven panelists 
considered the sweetness to be “just right” (score=0).  Therefore, the sample with 15.0% 
(w/v) sucrose received the majority of responses at levels of “sweet” (score>0), with 
even some “moderately strong” scores (score=2) in sweetness. 
From Figure 3.1, as the concentration of sucrose is increasing, the distribution of 
responses moved to the right side which corresponded to a higher score in sweetness. 
At the level of 10.0% and 12.5% sucrose concentration, the bar of “just right” in 
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sweetness was the highest among the nine categories.  The 10.0% sucrose sample 
received 52.5% of the scores of “just right”, while the 12.5% sucrose sample received 
42.5%. These percentages indicate that the ideal sweetness might be provided by a 
sucrose concentration between 10 to 12.5%. 
Figure 3.2 shows the linear regression between acceptance scores (y-axis)and 
sucrose concentration (x-axis). Since the score of 0 (the value of y) corresponded to the 
acceptable sweetness (“just right”), the ideal sweetness calculated from the equation 
was obtained by adding 10.1% (w/v) of sucrose to protein beverages, which is the 
concentration where the regression line intercepted the x-axis. This calculated 
concentration is in the range from 10% to 12.5%, which verifies the conclusion from the 
distribution of responses (Figure 3.1).  
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No published reports describing the determination of the ideal sweetness of 
sucrose in acidified protein beverages was found in the literature. However, there are 
some studies focusing on various products, especially in the category of beverages. The 
ideal sucrose concentration was determined by 30 consumers to be 8.3% (w/v) in iced 
and hot instant tea (Cardoso and others 2004), while concentrations of 9.5% and 12.5% 
(w/v) were chosen by 30 consumers in instant and ground roasted coffee respectively 
(Trevizam Moraes and Bolini 2010). Two kinds of nectar were also investigated in 2007 
and 2012, for which ideal sweetness was achieved at 10.04% in peach nectar and 6.84% 
in mango nectar (Cardoso and Bolini 2007; Cadena and Bolini 2012) with 100 consumers. 
The conclusion by Marcellini (2005) showed that a concentration of 8.5% (w/v) could be 
utilized to sweeten reconstituted pineapple juice with sucrose, and another study about 
passion fruit juice stated the ideal concentration of sucrose was 10% (w/v) (De Marchi 
and others 2009).  In addition to beverages, some research was conducted on solid 
foods, recently. For example, the ideal sucrose concentrations in Petit Suisse cheese was 
determined to be 17% and 15.2% (w/w) in two different studies with a similar size of 
panel (De Souza and others 2011; Esmerino and others 2013).  
These studies showed that there is considerable variation between products for 
ideal sweetness. Such variations in ideal sucrose concentrations are expected and likely 
exist because of interactions between sweeteners and other components in the 
products. The difference among various foods strongly indicates that the sweetness is 
food matrix dependent. It can be concluded that the ideal sucrose concentration varied 
according to the type of product. The ideal sweetness could be different even in the 
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same product with different formulation, such as in the cheese product previously 
mentioned (Esmerino and others 2013).  
In the present study, the ideal concentration of sucrose was determined to be at 
10.1% (w/v) in the acid protein beverage model which was close to the one found for 
peach nectar and passion fruit juice (Cardoso and Bolini 2007; De Marchi and others 
2009). The similarity of concentration could be explained by the use of phosphoric acid 
in protein beverages. In this case, the acid provided sourness to the protein beverage so 
that the acidic flavor in the samples is comparable to those in fruit juices/nectars which 
are naturally acidic.  
Since the sweetness equivalencies are highly food matrix dependent and vary for 
different food products, it is important to investigate the substitution of sucrose by 
natural sweeteners each time a formulation is changed or a new product is developed. 
Currently, there are only few reports that have studied the sucrose-equivalent 
sweetness of sugar alcohols and natural high-intensity sweeteners in acidic protein 
beverages. Therefore, it is essential to carry out a sensory analysis in an acid protein 
beverage model. 
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CHAPTER 4 
DETERMINATION OF SWEETNESS EQUIVALENCE OF INDIVIDUAL 
SWEETENERS RELATIVE TO 10.1% W/V SUCROSE 
 
4.1 Introduction 
 Sugar reduction without changing degree of sweetness or sweetness profile is a 
major industry goal. In addition to consuming fewer calories, consumers also want foods 
with natural ingredients instead of artificial ones. With a large number of natural 
sweeteners available, each one can be used in the situations they are best suited for, 
and limitations of individual sweeteners can be overcome by using them in blends. 
However, the sensory profile of sweeteners is significantly influenced by the 
food matrix, requiring their study in specific food products. In order to substitute 
sucrose successfully, it is necessary to know sweetener concentrations that would be 
used and their sweetness equivalency related to sucrose in an acidified whey protein 
beverage model. One of the most common methodologies to obtain this information is 
to utilize magnitude estimation scales, and then to analyze normalized results using 
Steven’s Power Function (Moskowitz, 1970; Stone and Oliver 1969).  
Considering these ideas, the objective of this study is to determine the 
equivalent sweetness of individual sweeteners (rebaudioside A, monk fruit extract, 
erythritol, lactitol, xylitol) in a protein beverage model sweetened with 10.1% w/v 
sucrose. 
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4.2 Materials & Methods 
4.2.1 Preparation of Protein Solution 
 In this study, 5% (w/v) of whey protein isolate (WPI) powder and 0.33% (v/v) of 
phosphoric acid (85%) was used. Based on the previously determined ideal sucrose 
concentration of 10.1%, five sucrose levels (two below the ideal concentration and three 
above) were randomly chosen for this test. The initial concentrations of other selected 
sweeteners were calculated based on the selected sucrose concentrations and their 
estimated sweetness related to sucrose according to Eq. (1): 
 Csweetener = Csucrose /n (1) 
Where Csucrose is the concentration of sucrose used in the system (%, w/v), n is 
estimated sweetness of selected sweetener related to sucrose, and Csweetener is the 
concentration of selected sweetener corresponding to the equi-sweetness of sucrose (%, 
w/v). 
 The estimated sweetness (Table 4.1) was provided by sweetener suppliers and 
references. In this case, sucrose was considered as a reference, with the sweetness unit 
of “1”. Therefore, for sugar alcohols, sweetness intensity of erythritol is ranging from 
0.65 to 0.75 (Perkon and DeCock 2006), lactitol is 0.4 (Young 2006), and xylitol has the 
same level of sweetness as sucrose (Bond and Dunning 2006). The estimated intensity of 
erythritol was rounded to 0.8 to simplify the calculation. Considering the lower 
sweetness of lactitol and its solubility, the estimated sweetness of lactitol was 
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designated to be 0.5 in order to properly decrease the amount of lactitol in this case. 
For the high-intensity sweeteners, rebaudioside A is supposed to be 220 times as sweet 
as sucrose (PureCircle), while monk fruit extract is 200 times as sweet (Tate&Lyle).   
Table 4.1 Concentrations of sucrose and selected sweeteners in protein beverages 
Sweetener 
Estimated 
Intensity 
Concentration used to determine sucrose equivalent sweetness 
 (%, w/v) 
Sucrose 1 6.720 9.140 12.190 16.260 22.730 - - - 
Erythritol 0.8 8.400 11.425 15.238 20.325 28.413 - - - 
Lactitol 0.5 13.440 18.280 24.380 32.520 45.460 - - - 
Xylitol 1 6.720 9.140 12.190 16.260 22.730 - - - 
Rebaudioside A 220 0.0305 0.0415 0.0544 0.0739 0.1033 - - - 
Monk Fruit* 200 0.0336 0.0457 0.0610 0.0813 0.1137 0.0763 0.1274 0.1896 
* Concentrations of monk fruit had three complementary points due to over-estimation of sweetness 
 The beverage samples were prepared at room temperature.  Whey Protein 
Isolate powder (WPI, Davisco, MN, US) was dissolved in drinking water (Culligan, MO, US) 
and stirred at 700 rpm for 2 hours for hydrating the protein. Phosphoric acid (85%, 
Biodiesel, AL, US) was added at the 0.33% (v/v) level and the mixture was continued to 
be stirred for 30 minutes. The solution was stored in the refrigerator at 4 °C overnight to 
allow complete hydration. The next day, the solution was divided and the portions were 
sweetened with sucrose (C&H, CA, US), erythritol (Zerose
TM
, Cargill, MN, US), lactitol 
(Danisco, KS, US), xylitol (XIVIA
TM
, Danisco, KS, US), rebaudioside A (PureCircle, Malaysia), 
and monk fruit extract (PUREFRUIT
TM
, Tate&Lyle, IL, US) at the five concentrations 
mentioned above and volumes were adjusted to 2 L each. Each formulation was 
manufactured in triplicate, and all samples were stored in the refrigerator at 4 °C for 
future studies. 
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4.2.2 Sensory Evaluation 
4.2.2.1 Prescreening 
To select panelists who have discriminative ability for sweetness, a pre-selection 
test was carried out by the Wald’s test (Wald 1947), using a series of triangle-tests with 
two concentrations of sucrose (0.2% and 0.5%, w/v) in protein solutions. Beforehand, a 
paired comparison test using 0.2% and 0.5% (w/v) sucrose solution with 30 people was 
employed to confirm that these two concentrations were statistically different and can 
be used to investigate the discriminative ability of panelists.  
Results obtained in the triangle-test were analyzed by sequential analysis 
(Meilgaard and others 2007), in which values were used for p0=0.33 (maximum 
acceptable inability), p1=0.66 (minimum acceptable inability), and the risks ɑ=0.05 
(probability of accepting a candidate without sensory acuity) and β=0.10 (probability of 
rejecting an applicant with sensory acuity). Based on these parameters, a graph was 
obtained delimiting the following three regions: acceptance, indecision and rejection. 
The sensory panel was selected according to the number of triangular tests conducted 
and the cumulative number of correct judgments.  
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Figure 4.1 Selection of panelists by Wald Sequential Analysis 
 
 Figure 4.1 shows the graph used in the prescreening test. The X axis represents 
the number of trials, while the y axis represents the total number of correct responses. 
Along each test, a point (x, y) would be marked in the graph, which meant a panelist had 
y correct responses when x trials were completed. Triangular tests were not stopped 
until a point was placed in the “acceptance zone” or “rejection zone”. For example, 
when taster 1 answered correctly during the 7th trial, the total number of correct 
responses was six. In the graph, the point (7, 6) fell into the “acceptance zone”, which is 
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prescreening of taster 2, among seven trials, he only got two correct responses. The 
point (7, 2) is still located in the “indecision zone” which is between the two lines. 
Therefore, the triangular test had to be continued. In the 8th trial, taster 2 had a wrong 
answer again, giving a point of (8, 2) placing it in the “rejection zone”, which is below 
the lower line. 
4.2.2.2 Training 
After the prescreening test, a panel of 12 students of the Food Science 
department at the University of Missouri-Columbia were selected based on their 
discriminative ability and were trained to use a magnitude estimation scale with 
different sweetness intensity standards correctly.  
The training included a thorough explanation of the methodology and the 
purpose of the test. During the training, four samples were provided to panelists, one 
being the reference (protein beverage with 10.1% w/v sucrose), coded as “R”, while the 
others were protein beverages sweetened with 5.05%, 20.2%, or 25.3% (w/v) sucrose. 
The reference sample was designated with the intensity of 100. The panel was 
instructed to estimate the sweetness intensity of the unknown samples relative to the 
reference. For example, if a sample was two times sweeter than the reference, it should 
receive an intensity of 200; if the sample was half as sweet, the intensity should be 50. 
They were instructed to not rate the samples’ intensity as zero. During the training test, 
panelists did not know the exact concentration of each sample. After they completed 
the evaluations, concentrations of those unknown samples were given to the panel. 
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With a comparison between the exact concentration and their estimation, they could 
build a relationship between the exact number and their perception on sweetness to 
learn how to use the scale to express the sensation of sweetness. Additional tests were 
involved in the training if any panelist needed.  
4.2.2.3 Sensory Test 
The test for determining sweetness equivalence was conducted by 12 panelists 
selected and trained previously with a magnitude estimation scale.  
For each sweetener, samples were presented with a reference of sucrose at an 
ideal concentration which was previously determined (10.1%, w/v). The reference 
sample was designated with an intensity of 100, followed by a random series of samples 
with estimated intensities both lower and greater than the reference’s intensity (Table 
4.1).  
Samples were evaluated in individual booths of the Sensory Lab (Food Science 
department, University of Missouri-Columbia). All solutions were taken out of the 
refrigerator 1 hour prior to testing. They were placed in graduated plastic medicine cups 
which were coded by 3-digit random numbers. Each panelist was served 20 mL samples 
of reference and five different sucrose concentrations in each session. They were asked 
to place the entire content of the cup in their mouth and estimate the sweetness 
intensity of unknown samples relative to the reference. Water and unsalted crackers 
were provided for panelists to cleanse their mouth between samples. After completion 
of a session, they were asked to take a break of at least 1 hour before starting the next 
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session. Samples were determined in triplicates during 3 sessions. For each panelist, 
samples were served in a random, balanced order to avoid first order and carryover 
effects. 
4.2.3 Data Analysis 
Values of estimated sweetness magnitude were expressed using the geometric 
average. Logarithmic concentration values used for each sweetener (C) were plotted 
against the logarithmic values of the magnitudes for stimuli perceived as sensations (S), 
and a linear regression of points obtained was made, indicating that a power function 
S=AC
n
 described the data, where S is the stimulus perceived, C is the concentration of 
stimulus, A is the antilog of Y value at the intercept and n is in the slope of the line.  
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4.3 Results & Discussion 
Values obtained by the panel were normalized and their logarithmic values were 
calculated. The relationship between the sweetness intensity (y-axis) and the 
sweeteners concentration (x-axis) is shown in logarithmic scale (Figure 4.2).  The 
positioning of the curves indicates the sweetening intensity of each sweetener. 
 
4.3.1 Power Function of Each Individual Sweetener 
 
Based on the data received through the magnitude estimation method, the 
power functions of six individual sweeteners were obtained, and consequently, the 
parameters R
2
 and n are presented in Table 4.2.  
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Figure 4.2 Relationship between sweetness intensities and sweeteners 
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Table 4.2 Power function, angular of coefficient, and correlation coefficient of each 
sweetener relative to 10.1% w/v sucrose in protein beverages 
 
Sweetener Power Function n* r* 
Sucrose S = 3.8296C
1.3647
 1.3647 0.991 
Rebaudioside A S = 412.06C
0.6252
 0.6252 0.988 
Monk Fruit Extract S = 295.61C
0.5836
 0.5836 0.988 
Erythritol S = 1.9465C
1.3983
 1.3983 0.999 
Lactitol S = 1.5807C
1.2306
 1.2306 0.999 
Xylitol S = 5.1262C
1.2705
 1.2705 0.996 
*n: angular of coefficient (slope); r: correlation coefficient 
Correlation coefficient (r) measures the strength and the direction of a linear 
relationship between sweetener concentrations and sweetness perceptions. A positive 
correlation could be considered as “very strong” if the value is greater than 0.9. In this 
case, power functions of rebaudioside A and monk fruit extract have smaller r values 
than the other sweeteners. The possible reason could be the bitterness and anise taste, 
which might influence panel’s evaluation on sweetness. These observations are 
consistent with the results obtained in previous studies. Cardello and others (1999) 
found it difficult to measure sweetness equivalence of stevia compared with the 
aqueous solutions of sucrose when concentrations were above 10% w/w due to the 
perception of other stimuli, such as strong bitter taste. Marcellini (2005) also did not 
obtain satisfactory results measuring sweetness equivalence using stevia in pineapple 
juice, attributing this to the high bitterness produced by the sweetener. However, those 
correlation coefficients are still higher than 0.9 and can therefore be defined as strong 
correlations.   
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Angular coefficient (slope) indicates the panel sensitivity to sweetness 
perception, which means that the higher value of the slope, the faster the panel can 
perceive sweetness variation due to a change of sweetener concentration. According to 
the results in this study, the highest angular coefficient occurs in the power function of 
erythritol, following by the one of sucrose, xylitol, lactitol, rebaudioside A, and monk 
fruit extract. The sample sweetened by sucrose was designated as the standard. By 
comparing the n value of each power function, the panel has a similar sensitivity on 
sweetness of sucrose, erythritol, xylitol, and lactitol due to small differences on their 
angular coefficients. However, power functions of rebaudioside A and monk fruit extract 
have much lower angular coefficients than the one for sucrose and selected sugar 
alcohols, which means that when their concentrations change, the sweetness variations 
of rebaudioside A and monk fruit extract are more difficult to be perceived by panelists 
in protein beverages.   
Similar differences in results were also found in other studies for various food 
matrices. In cold tea, passion fruit beverage, strawberry-flavored yogurt, and mixed fruit 
jam sweetened with 8.3%, 10%, 11.5%, and 40% w/w sucrose respectively, they all 
obtained superior angular coefficient values compared with the beverage in the present 
study on sucrose (Cardoso and others 2004; De Marchi and others 2009; Reis and others 
2011; De Souza and others 2013). This indicates that sweetness perception of sucrose 
was faster in those beverages and foods than in the protein beverage sweetened with 
10.1% w/v sucrose. The differences in sucrose concentrations for the samples might be 
one of factors that caused various angular coefficient values. However, a comparison 
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with previous studies showed that angular coefficients were still different even at a 
similar sucrose concentration. In 2007, Cardoso and Bolini selected 10% w/w as the 
sucrose concentration in peach nectar. The angular coefficient of the sucrose power 
function was 1.4642 (Cardoso and Bolini 2007). Another angular coefficient value of 
1.6845 was obtained for the passion fruit beverage sweetened with 10% w/w sucrose 
(De Marchi and others 2009). Trevizam Moraes and Bolini also investigated the equi-
sweetness in instant coffee beverages at 9.5% w/w, obtaining an angular coefficient of 
1.33 for sucrose (Trevizam Moraes and Bolini 2010).  The sucrose concentrations in 
peach nectar, passion fruit beverage, and instant coffee were all close to 10.1% which 
was utilized in this study, but their angular coefficient values were either higher or lower 
than 1.3647. The results prove that besides sweetener’s concentration, there are other 
factors that influence panel’s sensitivity to sweetness perception, such as food types, 
temperature for consumption, and acidity. The different exponent values of stevia 
(rebaudioside A) also verified this conclusion (Cardoso and Bolini 2007; Trevizam 
Moraes and Bolini 2010; Cadena and Bolini 2012). There are no studies related to equi-
sweetness of sugar alcohols and monk fruit extract. Thus, a parallel was only made with 
data found in literatures for sucrose and stevia.  
4.3.2 Sweetness Equivalence of Each Individual Sweetener 
The concentrations of each sweetener utilized were calculated by power 
functions (Table 4.2) corresponding to the ideal sweetness. Based on the sucrose 
equation of S = 3.8296C
1.3647
 where C equals to 10.1%, the sweetness sensation (S) was 
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89.9 at the level of ideal sucrose concentration. The objective of this study was to 
determinethe concentration of each sweetener equivalent to the sucrose concentration 
(10.1%, w/v) in protein beverages, which meant all sweeteners should have the same 
sweetness sensation as the sucrose sample does, which was 89.9. Therefore, the 
concentration of each sweetener equivalent to 10.1% sucrose concentration could be 
calculated using its power function respectively. For example, with the rebaudioside A 
equation of S = 412.06C
0.6252 
where S was 89.9, the concentration of rebaudioside A (C) 
was obtained. In this study, the concentration of each sweetener was defined according 
to Eq. (2): 
Csweetener= . 
 	⁄
  (2) 
Where Csweetener is the concentration of selected sweetener corresponding to the 
ideal sweetness, A is the antilog of Y value at the intercept and n is the slope of the line 
in the power function of selected sweetener. 
The sweetness intensity was defined as the number of times the compound was 
sweeter than sucrose based on its equivalent sweetness to sucrose (Table 2). For 
example, the rebaudioside A concentration obtained using Eq. (1) was 0.0876% (w/v), 
then this concentration was divided by the ideal sucrose concentration (10.1%, w/v). 
Therefore, in this case, rebaudioside A was 115 times sweeter than sucrose for the 
protein beverage. In this study, the sweetener intensity was defined according to Eq. (3): 
Isweetener = 	.   (3) 
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Where Isweetener is sweetener intensity and Csweetener is the sweetener’s 
concentration equivalent to protein beverages with 10.1% (w/v) sucrose. 
According to Table 4.3, the lowest amount of sweetener needed to yield 
sweetness equivalence of 10.1% (w/v) sucrose in protein beverages occurred when 
rebaudioside A was used. On the other hand, sugar alcohols (erythritol and lactitol) had 
to be added in greater concentrations. For xylitol, the amount added was practically the 
same as sucrose.  
Table 4.3 Equi-sweetness concentration and sweetness intensity of each sweetener*  
Sweetener 
Concentration 
 (%, w/v) 
Sweetener Intensity 
Sucrose** 10.1 1 
Rebaudioside A 0.0876 115 
Monk Fruit Extract 0.130 77.7 
Erythritol 15.5 0.652 
Lactitol 26.7 0.379 
Xylitol 9.53 0.944 
* Equi-sweetness concentration and intensity were measured relative to 10.1% sucrose 
**Sweetness intensity of sucrose was designated as 1 
In this study, the stevia sample containing 97% rebaudioside A showed the 
highest sweetening power with an intensity of 115. The sweetening power is higher 
than results shown in other studies. Cavallini and others (2005) found a potency of 80 in 
mango nectar, Cardoso and Bolini (2007) found a sweetness potency of 101 for stevia in 
peach nectar in relation to 10% w/w sucrose, and Trevizam Moraes and Bolini (2010) 
found a potency of 100.55 in instant coffee and of 75.2 in ground roasted coffee to 
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produce 9.5% and 12.5% w/w sucrose, respectively. The difference could be explained 
by the purity of rebaudioside A in stevia samples. The higher percentage of rebaudioside 
A used in the test, the more potent and less bitter a sample will be (DuBois and others 
1991; Carakostas and others 2012).  
By comparing the result with another study, which used the same purity of 
rebaudioside A (97%), the concentration necessary to produce the identical sweetness 
in protein beverages with 10.1% sucrose is much higher than the value measured by 
Cadena and Bolini (2012) in mango nectar with 6.8% sucrose. The authors found the 
rebaudioside A was 134 times sweeter than sucrose in mango nectar, while it is only 115 
times in the acidic protein beverage. A possible explanation for this fact is that mango 
nectar and protein beverages have different formulations, especially in regard to the 
acid content. In this study, protein beverages contained 0.33% v/v phosphoric acid to 
maintain the solution pH below 3.3, but the mango nectar was simply made from frozen 
mango pulp. The high acidity could negatively interfere in the sweetness perception so 
that rebaudioside A expresses a lower potency in acidic protein beverages than in 
mango nectar. Other studies also showed that increased acid concentration could 
significantly decrease sweetness intensity for all sucrose levels in various foods and 
beverages (Stampanoni 1993; Bonnans and Noble 1993; Reis and others 2011).  
Monk fruit extract was recently introduced as a new high potency sweetener, 
ranging from 150 to 400 times as potent as sucrose (Lindley 2006; Kinghorn and others 
2012). In this study, the ingredient supplier of the monk fruit extract also claimed that 
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the sweetness potency was 200 times sweeter than sucrose. However, the result in this 
test shows much lower sweetness intensity than the estimated value. In acidic protein 
beverages, monk fruit extract only obtained a sweetness potency of 77.7 when it 
delivered ideal sweetness equaling to 10.1% w/v sucrose. As rebaudioside A, the 
difference on sweetness of monk fruit extract could still be explained by products’ types, 
formulations, acidity, etc. However, there is no other publication that can be used to 
discuss sweetness intensity in different food system in details. 
Among selected sugar alcohols, lactitol presented itself as having the lowest 
sweetener power (0.379) in acidic protein beverages, while erythritol obtained a value 
of 0.652 in sweetness relative to 10.1% w/v sucrose. Xylitol was observed to be the one 
whose sweetness potency (0.944) is similar to sucrose. Results show minor reductions in 
sweetness from those indicated by suppliers and books, which here 0.4 for lactitol, 0.75 
for erythritol, and 1.0 for xylitol (Young 2006; Perkon and DeCock 2006; Bond and 
Dunning 2006). A possible reason could be the high acidity of protein beverages that 
depress sweetness intensity in food system. 
All results indicated that the relative sweetness of each individual sweetener is 
food-matrix dependent. In addition, the comparison of all sweeteners in the same acidic 
protein beverages indicated that rebaudioside A and monk fruit extract showed larger 
differences in sweetness potency than the other sweeteners from what is being 
reported. They are known as 220 and 200 times sweeter than sucrose, respectively. 
However, rebaudioside A and monk fruit extract only obtained potency of 115 and 78 in 
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this case. This is possibly due to the unique profile of natural high potency sweeteners. 
They are known to have a slight delay in reaching maximum sweetness intensity, as well 
as having some bitter and liquorice taste (Lindley 2006; Kinghorn and others 2012). 
These characteristics might have a negative effect on sweetness expression in the acidic 
protein beverage. 
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CHAPTER 5 
SENSORY PROFILE OF ACIDIFIED PROTEIN BEVERAGES 
SWEETENED BY SUGAR ALCOHOLS AND NATURAL, HIGH-
INTENSITY SWEETENERS INDIVIDUALLY AND IN COMBINATION 
 
5.1 Introduction 
 As sugar-free protein beverages are gaining in popularity among customers, 
rebaudioside A and monk fruit extract are becoming more common in the application of 
such sugar-free foods due to their high-intensity sweetness. However, they are 
considered to deliver some undesirable tastes which are not accepted by consumers, 
such as bitterness and liquorice flavor (Lindley 2006; Prakash and others 2008). 
Therefore, combinations of sugar alcohols and natural high-intensity sweeteners are 
increasingly utilized in the food industry to obtain a balanced flavor profile and sugar 
reduction.  
The objective of the project is to replace sugar in a model acidified whey protein 
beverage without changing its flavor profile. Since the sensory profile is food matrix 
dependent, it is necessary to investigate the sensory profile of sweeteners under 
specific circumstances. In this study, first the ideal sucrose concentration and sweetness 
equivalence of individual sweeteners were determined (see Chapter 3 and Chapter 4). 
Quantitative Descriptive Analysis (QDA) is commonly used to investigate the sensory 
profile of food products (Lawless and Heymann 2010).  
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Considering these ideals, the objective of this test was to evaluate different 
sensory profiles of acidified protein beverages sweetened by various sweeteners 
(rebaudioside A, monk fruit extract, erythritol, lactitol, xylitol, and their combinations), 
and to study on the improvement of profile by combining sugar alcohols and natural, 
high-intensity sweeteners.  
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5.2 Materials & Methods  
 In this study, 5% (w/v) of whey protein isolate (WPI) powder and 0.33% (v/v) of 
phosphoric acid (85%) was used.  
5.2.1 Preliminary Test 
 Because the potential possibilities of combining two sweeteners are too 
numerous, a preliminary test was conducted to determine usable ratios of sweeteners 
by their different taste sensations. 
Based on the equi-sweetness of the individual sweeteners, there were six 
possible combinations: rebaudioside A/erythritol (R/E), rebaudioside A/lactitol (R/L), 
rebaudiosie A/xylitol (R/X), monk fruit extract/erythritol (M/E), monk fruit 
extract/lactitol (M/L), and monk fruit extract/xylitol (M/X). All possible ratios (80/20, 
70/30, 60/40, 50/50, 40/60, 30/70, 20/80, equaling to the sweetness of 10.1% sucrose) 
of the six combinations were tested in the preliminary test. The concentration of the 
two ingredients in each combination (high intensity sweetener/sugar alcohol) was 
calculated by sweetness percentage.  
In the bench-top test, as the concentration of high-intensity sweeteners 
decreased, the off-flavor in the mixture, such as bitterness and anise taste, was 
weakened. When the sweetness provided by sugar alcohols reached  50% (or higher) 
contribution equivalence relative to 10.1% sucrose, the off-flavor and aftertaste of 
rebaudioside A and monk fruit extract were covered efficiently. Therefore, considering 
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the flavor profile, calorie reduction, and expense, the level of 50/50 in sweetness was 
used for quantitative descriptive analysis in further study. 
5.2.2 Preparation of Protein Solution 
 The beverage samples were prepared at the room temperature.  Whey Protein 
Isolate powder (WPI, Davisco, MN, US) was dissolved in drinking water (Culligan, MO, US) 
and stirred at 700 rpm for 2 hours for hydrating the protein. Phosphoric acid (85%, 
Biodiesel, AL, US) was added at the 0.33% (v/v) level and the mixture was continued to 
be stirred for 30 minutes. The solution was stored in the refrigerator at 4 °C overnight to 
allow complete hydration. The next day, the solution was divided and the portions were 
sweetened with sucrose (C&H, CA, US), erythritol (Zerose
TM
, Cargill, MN, US), lactitol 
(Danisco, KS, US), xylitol (XIVIA
TM
, Danisco, KS, US), rebaudioside A (PureCircle, Malaysia), 
and monk fruit extract (PUREFRUIT
TM
, Tate&Lyle, IL, US) at specific concentrations 
(Table 5.1 and Table 5.2), and volumes were adjusted to 2 L each. Each formulation was 
manufactured in triplicate, and all samples were stored in the refrigerator at 4 °C for 
future studies. 
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Table 5.1 Formulations of individual sweeteners* relative to 10.1% sucrose 
 
Concentration (%, w/v) 
Rebaudioside A 
Monk fruit 
Extract 
Erythritol Lactitol Xylitol 
R 0.0876       
M  0.1301     
E   15.501     
L    26.672   
X     9.530 
*R-Rebaudioside A (97%); M-Monk fruit extract; E-Erythritol; L-Lactitol; X-Xylitol 
 
Table 5.2 Formulations of sweetener combinations* at the sweetness ratio of 
50/50 relative to 10.1% sucrose 
 
 
Concentration (%, w/v) 
Rebaudioside A 
Monk fruit 
Extract 
Erythritol Lactitol Xylitol 
ER 0.0193  7.881     
EM  0.0257 7.881    
LR 0.0193    12.366   
LM  0.0257  12.366   
XR 0.0193    4.526 
XM  0.0257   4.526 
*R-Rebaudioside A (97%); M-Monk fruit extract; E-Erythritol; L-Lactitol; X-Xylitol 
 
 
82 
 
5.2.3 Sensory Evaluation 
5.2.3.1 Training 
For the training, a panel of 11 students of the Food Science department at the 
University of Missouri-Columbia was selected based on their discriminative ability. The 
first task for the panelists was to generate a set of terms that described differences 
among samples, and then through consensus, to develop a standardized vocabulary to 
describe the sensory differences. The panel leader was responsible for communication 
with the panel and preparation of samples and reference standards, rather than leading 
or directing the panel in language development.  
During this phase of the training, all samples were coded by different random 
letters each time so that panelists would not connect the code to a certain sample. 
Solutions were taken out of the refrigerator 1 hour prior to training. Water and unsalted 
crackers were provided for panelists to cleanse their mouths. 
The training consisted of eight sessions. Initially, the panelists were exposed to 
the protein beverages sweetened with six individual sweeteners (sucrose, rebaudioside 
A, monk fruit extract, erythritol, lactitol, xylitol). They were instructed to use any words 
that they could understand to describe samples. There was no restriction placed on the 
number of words except that preference or preference-related judgments, such as good, 
bad, etc. were discouraged. This part of the training occurred without any 
communication between panelists. When all panelists had completed this portion of the 
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assignment, the list of descriptors that panelists had generated to describe the sample 
included sweet, initial sweetness, sweet aftertaste, long-lasting sweet, painfully sweet, 
sweet white wine, syrup-like sweet, artificially sweet, thick, metallic aftertaste, 
astringent, bitter aftertaste, creamy, fruity, lime, citrus, drying, drying aftertaste, 
fermented beverages, watery, potent, liquorice, long-lasting sour, sour, wax, tart 
aftertaste, bitter, long-lasting bitter, refreshing, lemonade, grapefruit. In the second 
session, six samples sweetened by individual sweeteners were again provided to the 
panel. In the discussion, the panelists were encouraged to group those 31 descriptors 
they had developed in the first training session by modality.   
Protein beverages with six sweeteners combinations were introduced in the 
third session. The panelists were asked to discuss whether they perceived any new 
sensation. The entire range of samples (individual sweeteners and combinations) not 
only helped the panel identify duplication of sensory descriptors experience, but also 
helped ensure that all the products’ sensory properties were fully accounted for in the 
study.  
The consolidation and modification of descriptors continued throughout the 
following five training sessions using all 12 samples. A list of standardized vocabulary 
was finally developed with the help of reference materials. The descriptors that were 
finally chosen were initial sweetness, sweet aftertaste, long-lasting sweetness, initial 
sourness, sour aftertaste, long-lasting sourness, initial bitterness, bitter aftertaste, long-
lasting bitterness, metallic taste, anise taste, dryness, viscosity. The definitions of the 
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descriptors were developed by the panel through consensus. The panelists also decided 
on the reference standards that were used to anchor the descriptive terms. In addition, 
during the training period, the sequence for evaluating each attribute, and the anchor 
words for the 15cm line scale were created. 
A series of trial evaluations were performed after the fifth and seventh training 
session. Four protein beverages sweetened by different sweeteners were used in the 
trial evaluation. Each beverage was triplicated to check the consistency of panelists. It 
allowed the panel leader to evaluate individual judges based on statistical analysis of 
their performance so that the leader could arrange subsequent training sessions. In 
addition, the evaluation trials also assisted the panel in practicing and getting more 
familiar with the entire procedure of the testing procedure. 
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Table 5.3 Sensory attributes, definitions of attributes and references in an acidified protein beverage model 
 
Attributes   Definitions          References* (Intensity) 
 
Initial Sweetness  Sweet flavor that can be tasted right away      2% (w/v) sucrose solution (2) 
Long-lasting Sweetness  Sweet flavor lasts from initial perception until swallow, no change in intensity  5% (w/v) sucrose solution (5) 
Sweet aftertaste  Sweet flavor remaining on the tongue after sample is swallowed       10% (w/v) sucrose solution (10) 
Initial Sourness   Sour flavor that can be tasted right away      0.05% (w/v) citric acid solution (2) 
Long-lasting Sourness  Sour flavor that lasts from initial perception until swallow, no change in intensity 0.08% (w/v) citric acid solution (5) 
Sour aftertaste   Sour flavor remaining on the tongue after sample is swallowed          0.15% (w/v) citric acid solution (10) 
Initial Bitterness  Bitter flavor that can be tasted right away      0.05% (w/v) caffeine solution (2) 
Long-lasting Bitterness  Bitter flavor that lasts from initial perception until swallow, no change in intensity 0.08% (w/v) caffeine solution (5) 
Bitter aftertaste  Bitter flavor remaining on the tongue after sample is swallowed          0.15% (w/v) caffeine solution (10) 
Metallic taste   Metallic/mineral taste in the mouth       sparkling mineral water (7.5) 
Anise taste   Liquorice taste in the mouth        0.04% (w/v) anise solution (7.5) 
Viscosity   The perception in the mouth that is related to thin and thick    2% (w/v) corn starch solution (7.5) 
Dryness    The dry perception after sample is swallowed;       white grape juice (7.5) 
remove the water from the tongue, making it feel dry  
 
*Sucrose: C&H Pure Cane Sugar (C&H Sugar Company, CA, US) 
  Citric Acid: Citric Acid/Food Grade (Sigma-Aldrich; Lot# MKBH2288V) 
  Caffeine: Caffeine (Sigma-Aldrich; Lot# 021M0092V) 
  Sparkling Mineral Water: Perrier ® Sparkling Natural Mineral Water (Source Perrier, France) 
  Corn Starch: Great Value ™ All Natural Cornstarch (Wal-Mart Stores, Inc., AR, US) 
  White Grape Juice: Welch’s 100% White Grape Juice (Welch’s Concord, MA, US); Volume Ratio = 1:3 (Juice:Water) 
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5.2.3.2 Sensory Test 
The test consisted of three batches of true replicates. Each batch contained 12 
treatments, grouped into four sessions; each session contained three treatments. In 
each batch, two sessions were performed in one day with at least one-hour break 
between evaluations. Panelists performed the entire experiment in six consecutive 
weekdays, which meant that 12 treatments were evaluated in triplicates with three 
batches (12 sessions). Samples were served using a randomized complete block design 
(RCBD) to avoid first order and carryover effects, meaning that each replicate was 
randomized separately, and each treatment had the same probability of being assigned 
to a panelist within a replicate in the entire sensory test. 
In each session, samples were presented with a series of references previously 
decided upon (Table 5.4). The intensities of references for each attribute were marked 
at appropriate positions on line scales to help panelist evaluate samples more accurately. 
A line scale labeled “other” was added at the bottom of the score sheet. If the panel had 
obtained a new perception that none of listed descriptor was able to describe, they 
could have used the “other” category to make a judgment. The purpose was to prevent 
panelists from expressing the newly perceived attribute by modulating scores on one of 
the other attribute scales used in the study sub-consciously due to the limited range of 
attributes (Lawless and Heymann 2010).  
Samples were evaluated in individual booths of the Sensory Lab (Food Science 
department, University of Missouri-Columbia). All solutions were taken out of the 
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refrigerator 1 hour prior to testing. They were placed in plastic cups, which were coded 
by 3-digit random numbers. Each panelist was served 100 mL samples and 50 ml 
references in each session. They were asked to taste the reference for an attribute first. 
After perceiving the intensity and the characteristic of the reference, panelists were 
asked to cleanse their mouth with water (and unsalted crackers, if needed). Next, they 
placed an adequate content of a sample in their mouth, and then the panel placed a 
vertical mark on the horizontal line at a position that best described the perceived 
intensity of the given attribute. Panelists were instructed that they could evaluate all 
attributes one by one by following the same procedure in the order of the list. Water 
and unsalted crackers were provided for panelists to cleanse their mouth at any time 
when necessary in the test, such as after tasting references, between attribute’s 
evaluation, and between samples. However, panelists were asked to have enough water 
to make sure that they got rid of all cracker residues in their mouth prior to tasting the 
next sample. 
5.2.4 Data Analysis 
The marks from line scales were converted to numbers by manually measuring 
the position of each mark on each scale using a ruler. All analyses were performed using 
SAS Version 9.3 software program. With an assumption that the difference among 
panelists was eliminated by training, a two-way analysis of variance (ANOVA) was 
performed in this study. Least significant differences for attributes were calculated to 
determine significant differences across sample means at a significance level of 5%. 
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Principal component analysis (PCA) was performed on the covariance matrix for 
descriptive sensory data. Average grades of each attribute were utilized for spider-web 
graphs to compare the sensory profile of sweeteners in the acidified protein beverage 
model. 
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5.3 Results & Discussion 
The panel analyzed 13 descriptors of acidic protein beverages sweetened by 
either individual sweeteners or sweetener combinations. There were three stages of 
sweetness, sourness and bitterness (including initial taste, long-lasting taste, and 
aftertaste); metallic and anise taste which were considered as undesirable attributes in 
samples; and the last two were viscosity and dryness that were used to describe the 
mouthfeel.  
5.3.1 Sensory Profile of Protein Beverages Sweetened by Individual 
Sweeteners 
 
Regarding individual sweeteners, results (Table 5.4) show differences of flavor 
profile between sugar alcohols and natural high-intensity sweeteners. The sample 
sweetened by sucrose at 10.1% was considered as a standard in the analysis.  
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Table 5.4 Mean values of attributes for the acidified protein beverages sweetened by individual sweeteners* 
*Means with different letters were significantly different (P<0.05) 
 
 
 Sucrose Erythritol Lactitol Xylitol Rebaudioside A Monk Fruit Extract 
Initial Sweetness 5.92±3.03a 5.75±2.97ab 3.79±2.84e 5.12±2.87bc 5.46±4.20ab 4.42±4.13cde 
Long-lasting Sweetness 6.18±2.52abcd 7.02±2.45a 5.30±2.48d 5.73±2.44cd 6.50±3.71abc 6.74±3.80ab 
Sweet Aftertaste 4.92±2.78b 4.80±3.22bc 3.99±2.61bc 3.90±3.14c 6.16±3.49a 6.38±3.27a 
Initial Sourness 2.28±1.78e 2.43±1.62cde 2.17±1.59e 2.48±1.71cde 2.33±2.10de 3.17±2.35abc 
Long-lasting Sourness 2.37±1.47d 2.86±1.31cd 2.55±1.76d 3.47±1.80abc 3.03±2.42bcd 3.25±2.50bcd 
Sour Aftertaste 2.33±1.59g 2.94±1.94defg 2.34±1.59fg 3.17±1.79cde 3.14±2.71def 2.65±2.64efg 
Initial Bitterness 0.20±0.32b 0.26±0.43b 0.21±0.31b 0.23±0.42b 0.87±1.42a 0.69±1.66a 
Long-lasting Bitterness 0.18±0.31b 0.44±0.89b 0.22±0.35b 0.25±0.42b 1.13±1.36a 0.86±1.56a 
Bitter Aftertaste 0.39±0.74c 0.46±0.68c 0.34±0.53c 0.45±0.64c 1.71±2.53a 0.92±1.69b 
Metallic Taste 2.23±3.37bc 2.01±2.51bc 1.93±2.59c 2.16±2.54bc 3.73±4.20a 2.85±3.14b 
Anise Taste 0.30±0.61efg 0.32±0.60defg 0.26±0.58fg 0.30±0.58efg 1.15±2.54b 1.60±3.01a 
Viscosity 3.82±2.57ab 4.12±2.59ab 4.43±2.76a 4.10±2.64ab 4.05±2.57ab 3.86±2.78ab 
Dryness 4.52±3.33 4.95±3.47 4.59±3.35 5.15±3.38 5.29±3.46 4.71±2.84 
 
91 
 
For the attribute of initial sweetness, the sample sweetened by erythritol and 
rebaudioside A showed no significant difference compared to the one sweetened by 
sucrose, whereas the lactitol sample, xylitol sample, and monk fruit extract sample had 
lower initial sweetness than the other sweeteners. Samples sweetened by the six 
individual sweeteners obtained similar grades on long-lasting sweetness. However, a 
significant difference in sweetness profile between sugar alcohols and natural high-
intensity sweeteners occurred for the attribute of aftertaste.  Compared to the sucrose 
sample, samples sweetened by rebaudioside A and monk fruit extract had much greater 
aftertaste, while sugar alcohols were similar in aftertaste to sucrose (P>0.05). In addition, 
within the sweetness profile of rebaudioside A and monk fruit extract, the attribute of 
sweet aftertaste also received a greater score than attributes of initial sweetness and 
long-lasting sweetness did. It indicates that rebaudioside A and monk fruit extract both 
have a delayed effect on sweetness that is demonstrated in the attribute of sweet 
aftertaste. According to the definitions the panel used to describe the three stages of 
sweetness, the stages also can be considered a sweetness temporal profile that 
demonstrates changes in perception of sweetness over times (DuBios 2006). Every 
sweetener exhibits a characteristic Appearance Time (AT) and Extinction Time (ET). In 
this case, compared to sucrose and sugar alcohols, the two natural high-potency 
sweeteners both displayed prolonged ET. However, in this study, only quantitative 
descriptive analysis was used to give a brief description of sweetness temporal profile 
by choosing initial, long-lasting and aftertaste stages as attributes. A time-intensity test 
could be utilized to investigate the temporal profile in more details. 
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The panel considered sweetness, sourness, and bitterness as the three basic 
attributes to describe samples. In order to make these descriptors parallel, they decided 
to keep using initial, long-lasting, and aftertaste stages to evaluate sourness and 
bitterness disregarding the difficulty on sour aftertaste detection. In the attribute of 
initial sourness, all samples sweetened by individual sweeteners showed levels similar to 
sucrose except the one sweetened by monk fruit extract. A possible reason for this 
could be that monk fruit extract sample had a weak sweet taste in the early-stage which 
made the panel perceive a stronger sourness perception.  Panelist also had stronger 
perceptions for long-lasting sourness in the xylitol samples and monk fruit extract 
sample than in other samples. As for sour aftertaste, all samples obtained scores with 
large variances, which probably were caused by the difficulty in detecting sour 
aftertaste by panelists. In Chapter 3 it was concluded that the content of acid has a 
depression effect on sweetness intensity. In this case, although the acid content was the 
same among samples, the sourness perception was not identical, indicating that 
different sweetness expression can conversely affect the sourness expression.  
As for bitterness, although average scores for bitter attributes were much lower 
than sourness and sweetness on the 15 cm line scale, the bitterness in the high-potency 
sweeteners was still distinct enough to be detected because of panelists’ sensitivity to 
bitter taste. Compared to the sample sweetened by sucrose, samples with rebaudioside 
A and monk fruit extract both received significant higher grades for initial bitterness, 
long-lasting bitterness, and bitter aftertaste. Samples sweetened by rebaudioside A and 
monk fruit extract both were perceived about four times as bitter as the one sweetened 
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by sucrose during the early stage (initial bitterness), and six times as bitter for long-
lasting bitterness.  In the attribute of bitter aftertaste, panelist perceived a stronger 
taste from the rebaudioside A sample than from monk fruit extract sample. The average 
score for bitter aftertaste of rebaudioside A sample was almost two times greater than 
that of monk fruit extract, and four times greater than that of sucrose. These 
observations are consistent with the statement made by Lindley (2006), who described 
the bitter aftertaste as the main negative attribute in the sensory profile of rebaudioside 
A. Other studies also verified the high bitter aftertaste in their samples (aqueous 
solution, pineapple juice) sweetened by rebaudioside A (Cardello and others 2000; 
Marcellini 2005). In contrast to natural high-potency sweeteners, results show no 
significant difference for these bitter attributes between the sucrose sample and sugar 
alcohol samples. 
In addition to bitterness, metallic and anise taste are also considered as 
undesirable “off” flavors in the application of sugar substitutes. The sample sweetened 
by rebaudioside A presented a higher metallic taste than the others, while there was no 
significant difference between sucrose, sugar alcohols, and monk fruit extract. 
Regarding the anise taste, the sample sweetened by monk fruit extract obtained the 
highest score, followed by the sample sweetened with rebaudioside A, while others 
showed no significant differences.  
Viscosity and dryness are two attributes that describe the mouthfeel of samples. 
Although each sample contained different types and concentrations of sweeteners, 
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results do not show any differences in mouthfeel attributes among samples. Regarding 
viscosity, the reason could be because sugar alcohols have lower viscosity than sucrose 
at any temperature from 10 to 80 °C due to their small molecular size (Perko and 
DeCock 2006; Young 2006; Bond and Dunning 2006), but with higher concentrations of 
sugar alcohols, the difference in viscosity perception did not become apparent in this 
case. 
Figure 5.1 Sensory profiles of acidified protein beverages using individual sweeteners
 
Average scores of each attribute were utilized for preparing spider-web graphs 
to compare the sensory profiles of sucrose and sugar substitutes in the acidified protein 
beverage model (Figure 5.1). Since ANOVA analysis indicates that sugar alcohols 
provided a similar flavor profile (P>0.05) as sucrose did for all selected attributes, only 
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data from rebaudioside A and monk fruit extract are shown in comparison with sucrose. 
Since there were also no statistical differences in attributes of viscosity and dryness, 
these two attributes were eliminated to make the spider-web graph easier to read.  
The figure obviously shows a different pattern in sweetness perception between 
the sample sweetened with sucrose and those sweetened with natural, high-potency 
sweeteners. For the sucrose sample, the average scores were distributed evenly for 
initial sweetness and long-lasting sweetness, and dropped down on sweet aftertaste.  In 
contrast, samples sweetened with rebaudioside A and monk fruit extract, especially the 
latter one, obtained a lower initial sweetness, but then the perception of long-lasting 
sweetness and sweet aftertaste increased. In the category of “off” flavor which includes 
bitterness, metallic and anise tastes, natural, high-potency sweeteners were observed 
to be different from sucrose in the acidified protein beverage model. Especially in 
bitterness and anise taste, which are considered as key attributes of rebaudioside A and 
monk fruit extract respectively (Lindley 2006; Prakash and others 2008), samples 
obtained significant higher scores compared to the sucrose sample.  
 Therefore, results in the Table 5.3 and Figure 5.1 prove that, sugar alcohols could 
replace sucrose without changing the sensory profile of protein beverages, while 
rebaudioside A and monk fruit extract cannot be utilized as sugar substitutes due to 
their delayed sweetness expression, distinct bitterness, metallic and anise taste.  
However, in this case, sugar alcohols were added at a high concentration to reach the 
equi-sweetness as sucrose at the ideal concentration. With a consideration of calorie 
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reduction and proper content, sugar alcohols are also not optimal sugar substitutes in 
the acidified protein beverage model. 
5.3.2 Sensory Profile of Protein Beverages Sweetened by Sweetener 
Combinations 
 
Combinations were developed based on the sweetness ratio of 50/50 by using 
sugar alcohols as the bulk sweetener and natural high-intensity sweeteners as the 
sweetness contributor. The flavor profiles i.e. attribute scores, of the combinations of 
high intensity sweeteners and sugar alcohols were compared to those of the individual 
sweeteners and sucrose to investigate the differences and see if the mixing of 
sweeteners improved the flavor profile (Table 5.5).  
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Table 5.5 Mean values of attributes for the acidified protein beverages sweetened by sweeteners individually and in combination* 
*Means with different letters were significantly different (P<0.05) 
**S-sucrose, R-rebaudioside A, M-monk fruit extract, E-erythritol, L-lactitol, X-xylitol; combinations were made at the sweetness ratio of 50/50 
 
 S** R M E/R** E/M L/R L/M X/R X/M 
Initial Sweetness 5.92±3.03a 5.46±4.20ab 4.42±4.13cde 5.04±2.61bc 2.90±2.42f 4.64±3.38cd 2.50±2.26f 4.22±3.22de 2.67±2.20f 
Long-lasting 
Sweetness 
6.18±2.52abcd 6.50±3.71abc 6.74±3.80ab 5.78±2.43bcd 3.27±2.51e 5.48±2.51d 3.72±2.17e 5.91±2.90bcd 3.30±2.46e 
Sweet Aftertaste 4.92±2.78b 6.16±3.49a 6.38±3.27a 4.06±2.98bc 2.27±2.55d 4.09±2.73bc 2.55±1.99d 4.62±3.14bc 2.43±2.62d 
Initial Sourness 2.28±1.78e 2.33±2.10de 3.17±2.35abc 3.17±2.78abc 3.61±2.53a 2.72±1.87bcde 3.53±2.08ab 3.09±1.90abcd 3.36±2.38ab 
Long-lasting 
Sourness 
2.37±1.47d 3.03±2.42bcd 3.25±2.50bcd 3.72±2.47abc 4.35±2.05a 3.53±2.16abc 4.27±1.62a 3.77±1.80ab 4.17±2.16a 
Sour Aftertaste 2.33±1.59g 3.14±2.71def 2.65±2.64efg 3.60±2.47abcd 4.30±2.18a 3.39±2.42bcde 4.12±1.93ab 3.24±2.06cde 3.96±2.25abc 
Initial Bitterness 0.20±0.32b 0.87±1.42a 0.69±1.66a 0.16±0.27b 0.18±0.37b 0.31±0.47b 0.25±0.54b 0.22±0.35b 0.27±0.45b 
Long-lasting 
Bitterness 
0.18±0.31b 1.13±1.36a 0.86±1.56a 0.30±0.45b 0.21±0.34b 0.32±0.49b 0.15±0.26b 0.27±0.41b 0.33±0.47b 
Bitter Aftertaste 0.39±0.74c 1.71±2.53a 0.92±1.69b 0.37±0.87c 0.28±0.42c 0.60±1.19bc 0.36±0.49c 0.35±0.63c 0.35±0.59c 
Metallic Taste 2.23±3.37bc 3.73±4.20a 2.85±3.14b 2.70±2.62bc 2.30±2.71bc 1.85±2.38c 1.94±2.36c 2.42±2.91bc 2.50±2.87bc 
Anise Taste 0.30±0.61efg 1.15±2.54b 1.60±3.01a 0.60±1.66cd 0.27±0.65fg 0.55±1.48cde 0.78±1.90c 0.53±1.27cdef 0.25±0.73g 
Viscosity 3.82±2.57ab 4.05±2.57ab 3.86±2.78ab 3.87±2.50ab 3.80±2.62ab 3.66±2.26b 3.79±2.75ab 3.81±2.70ab 3.99±2.43ab 
Dryness 4.52±3.33 5.29±3.46 4.71±2.84 5.34±2.41 5.33±3.34 4.95±3.28 5.09±3.57 4.85±3.26 5.21±3.43 
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For attributes of sweetness, three combinations containing rebaudioside A 
obtained lower scores on sweetness onset and sweetness linger than individual 
rebaudioside A did, but there was no significant difference for the long-lasting 
sweetness perception (P>0.05). Compared to sucrose, a statistical difference (P<0.05) 
only occurred in the attribute of initial sweetness, while perceptions for long-lasting 
sweetness and sweet aftertaste were similar to sucrose. As for combinations with monk 
fruit extract, sweetness intensities for all three stages were perceived to decrease 
significantly (P<0.05) after adding sugar alcohols, obtaining only half of original scores of 
the individual sweetener and sucrose. Results indicate that the sweetness intensity was 
decreased to some degree by mixing sugar alcohols and natural high-intensity 
sweeteners at the sweetness ratio of 50/50 in the acidified protein beverage model. 
However, the sweetness temporal profile of all combinations was improved in the 
sweetener mixtures. Due to the greater sweetness reduction in the attribute of 
aftertaste, combinations obtained a similar pattern in perception of sweetness over 
time to sucrose, which was different from that when rebaudioside A and monk fruit 
extract were used individually. Therefore, combining sugar alcohols and two natural 
high-intensity sweeteners can both effectively improve the sweetness temporal profile 
in the beverage system. Because the monk fruit – sugar alcohol combinations showed a 
considerable decrease in sweetness intensity, its sweetness profile was not very similar 
to that of sucrose. However because there was no decrease in sweetness intensity for 
the rebaudioside A combinations the entire sweetness profiles were similar to that of 
sucrose.  
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As for sour attributes, all samples obtained scores with large variances, which 
probably was caused by the difficulty in detecting sourness by panelists. However, 
results still showed some trends between natural high-intensity sweeteners when used 
individually and in combination. For the attribute of sour aftertaste, the scores 
increased significantly (P<0.05) in combinations, which were higher than for individual 
rebaudioside A and monk fruit extract, respectively. For the attribute of long-lasting 
sourness, combinations with monk fruit extract obtained higher scores than monk fruit 
extract individually, while there was no statistical difference (P>0.05) between 
combinations with rebaudioside A and individual rebaudioside A. Similar to the previous 
discussion about individual sweeteners, the possible reason for this could still be the 
change of sweetness profile. There was a lower perception of lingering sweetness in 
combinations, making sourness more distinct in the aftertaste. The scores for long-
lasting sourness in monk fruit combinations also showed effects of long-lasting 
sweetness depression.  
For the negative flavor attributes bitterness and metallic taste, there was no 
significant difference (P>0.05) between sucrose and combinations. Compared to the 
flavor profile of the individual high-intensity sweeteners, scores for those negative 
attributes were greatly reduced when mixed with sugar alcohols. This observation is a 
“masking-effect” of sugar alcohols, which is utilized to cover “off-flavor” in sugar 
substitutes (Perko and DeCock 2006; DeCock 2012). According to Table 5.2, sugar 
alcohols also reduced the anise taste to some degree when used in the combinations. 
However, while the effects were similar for all sugar alcohols for other attributes, in 
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regard to the anise taste, the sugar alcohols differed in their ability to cover it.  The 
combination containing erythritol and xylitol both obtained the lowest score among the 
three combinations, followed by the one with lactitol.  This difference can possibly be 
explained by different interactions between each sugar alcohol and the monk fruit 
extract in the acidified protein beverage model. On the other hand, the effect of 
combining rebaudioside A with sugar alcohols on reducing the anise taste was identical 
for all three sugar alcohols. 
Viscosity and dryness are two attributes that describe the mouthfeel of samples. 
Similar to the profile of the individual sweeteners, results do not show any statistical 
difference among the sweetener combinations (P>0.05). It can be assumed that the 
concentration of natural, high-intensity sweeteners was too low to affect the viscosity of 
samples sweetened by the combinations. 
The averages of each attribute were plotted as spider-web graphs to compare 
the sensory profiles of sucrose and sugar substitutes in the acidified protein beverage 
model (Figure 5.2). For the comparison with sucrose, the six combinations were grouped 
into two categories corresponding to natural high-intensity sweetener. Since there was 
no statistical difference (P>0.05) in attributes of viscosity and dryness, these two 
attributes were eliminated to make the spider-web graph easier to read.  
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Figure 5.2 Sensory profiles of acidified protein beverages with sweetener combinations
 
The figures obviously show different patterns in sweetness perception between 
the combinations of sugar alcohols with rebaudioside A (Figure 5.2a) and with monk 
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fruit extract (Figure 5.2b). Combinations with rebaudioside A, especially with erythritol, 
improved the sweetness profile such that it was close to that of sucrose, whereas 
combinations with monk fruit extract made the sweetness profile distinctly different 
due to great sweetness reduction. In the category of “off-flavor”, which includes 
bitterness, metallic and anise tastes, sugar alcohols demonstrated a positive ability on 
covering those negative tastes originating from the natural, high-potency sweeteners. 
Those conclusions are corroborated by other studies on the application of combining of 
sugar alcohols with natural, high-intensity sweeteners. Because many sugar-free foods 
are available, but there are only a few articles published, it can be assumed that the 
majority of such studies have been conducted by industry in order to develop sugar-free 
foods. For example, a patent was filed by the Coca-Cola Company in 2007, specifying a 
blend of rebiana and sucrose, where rebiana contributed 20-80% of the sweetness and 
sucrose provided the rest, exhibited flavor and temporal profiles that were very close to 
that of sugar. At the same time, bitter and licorice notes were imperceptible (Prakash 
and others 2007).  
 In summary, adding sugar alcohols at a sweetness ratio of 50/50 significantly 
improves the flavor profile of acidified protein beverages by masking bitterness, metallic 
and anise taste of natural high-intensity sweeteners. The combination of sugar alcohols 
and rebaudioside A resulted in a better sweetness profile than the one with monk fruit 
extract. In addition, although there was no apparent difference between the three 
selected sugar alcohols when used in combination, the mixture of erythritol and 
rebaudioside A might be ideal if the goal is to reduce calories, and improve the 
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sweetness profile. In future studies, more ratios could be investigated to optimize the 
ideal ratio of sweeteners for acidified protein beverages. Based on the ratio of 50/50 
used in this case, the sweetness provided by high potency sweeteners could be 
increased to obtain both higher sweetness perceptions while achieving sufficient 
masking-effect of “off-flavors” in the system. 
5.3.3 Principal Component Analysis 
In the Principal Component Analysis (PCA), 88.62% of the variation was 
explained by two principal components (76.12% and 12.50% By PC1 and PC2, 
respectively). The factor loadings of these two principal components (PCs) are shown in 
Table 5.5. PCA biplots (Figure 5.3) were created to further illustrate how the beverages 
were differentiated within the sensorial space. 
The first principal component (PC 1) was dominated by initial sweetness, long-
lasting sweetness, sweet aftertaste, initial sourness, long-lasting sourness, and sour 
aftertaste, which can be categorized as sweetness and sourness. Results indicate a 
positive correlation on sweetness, and a negative correlation on sourness. The 
correlation means that if a sweet attribute increases, the remaining two sweet 
attributes will also increase, and conversely, all sourness attributes will decrease. This 
component can be viewed as a measure of basic flavor profile in protein beverages, 
especially for investigating sweetness profile.  
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Table 5.6 Factor loading of descriptive attributes  
on principal component analysis dimensions* 
Attribute Factor1 Factor2 
Initial Sweetness 0.901 -0.260 
Long-lasting Sweetness 0.978 -0.038 
Sweet Aftertaste 0.947 0.294 
Initial Sourness -0.728 0.471 
Long-lasting Sourness -0.811 0.396 
Sour Aftertaste -0.813 0.313 
Initial Bitterness 0.508 0.762 
Long-lasting Bitterness 0.574 0.733 
Bitter Aftertaste 0.557 0.655 
Metallic Taste 0.382 0.752 
Anise Taste 0.403 0.828 
Viscosity 0.204 -0.295 
Dryness -0.435 0.379 
*Numbers in bold are deemed to be of primarily importance for on each principle component for factor 
loading >|0.6| for PC1 and PC2 
 
The second principle component (PC 2) could be considered as a measure of “off” 
flavor profile in protein beverages, since it was controlled by initial bitterness, long-
lasting bitterness, bitter aftertaste, metallic taste, and anise taste, which were 
considered as undesirable attributes. They are all positively loaded on PC 2 and 
correlated with each other, meaning that if one attribute increases, the remaining four 
attributes will also increase.  
Based on the vectors of individual sweeteners shown in Figure 5.3, the protein 
beverages sweetened by sugar alcohols (erythritol, lactitol, xylitol) are close to the 
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beverage sweetened with sucrose, while beverages containing rebaudioside A and 
monk fruit extract are located far away from the one with sucrose. Those positions 
indicate that sugar alcohols have a similar sensory profile to sucrose, while rebaudioside 
A and monk fruit extract have a pronounced difference in sweetness, bitterness, 
metallic and anise taste.  Essentially, the PCA verifies the conclusions based on the 
ANOVA discussed previously.  
In addition, the graph (Figure 5.3) also shows the proximity among beverages 
sweetened by various combinations of sweeteners. It demonstrates the similarities of 
the sensory profiles among the rebaudioside A combinations and the monk fruit extract 
combinations. In beverages containing monk fruit extract in combination with sugar 
alcohols, the sensory profiles were similar to each other. . The same is true for the 
sensory profiles of combinations with rebaudioside A. However, compared to the 
pattern of the monk fruit extract group, the three combinations of rebaudioside A and 
sugar alcohols display a slightly scattered pattern. This scattering might mean that for 
the rebaudioside A/sugar alcohol combinations, the type of sugar alcohols has an effect 
on the sensory profile of the finished product. The distance between the sucrose sample 
and combination samples also demonstrates that combinations with rebaudioside A had 
a better sensory profile than combinations with monk fruit extract, which corroborates 
the previous discussion based on the ANOVA analysis. Results indicate that in an 
acidified whey protein beverage model when selected sugar alcohols provide 50% 
sweetness potency, they can sufficiently improve rebaudioside A’s sensory profile, 
whereas the sensory profile of monk fruit extract apparently cannot be improved. A 
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possible reason for this fact could be that the chosen ratio is inappropriate, or the 
difference in original sensory properties, or that there is simply a different synergism 
between monk fruit extract and sugar alcohols.  
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Figure 5.3 Principal component analysis for acidified whey protein beverages  
containing sucrose and various sweeteners (PC1×PC2)* 
 
 
 
 
 
 
 
 
 
 
 
 
IS Initial Sweetness LS Long-lasting Sweetness SA Sweet Aftertaste 
ISour Initial Sourness LSour Long-lasting Sourness SourA Sour Aftertaste 
IB Initial Bitterness LB Long-lasting Bitterness BA Bitter aftertaste 
M Metallic Taste A Anise Taste V Viscosity 
D Dryness     
S Sucrose R Rebaudioside A M Monk fruit extract 
E Erythritol L Lactitol X Xylitol 
ER Erythritol / 
Rebaudioside A 
LR Lactitol /  
Rebaudioside A 
XR Xylitol / 
Rebaudioside A 
EM Erythritol /  
Monk fruit extract 
LM Lactitol /  
Monk fruit extract 
XM Xylitol /  
Monk fruit extract 
 
*Black points represented treatments (samples with various sweeteners and sucrose), and   
white points represented variables (sensory attributes); samples were marked by the name of 
individual sweetener and combination at a sweetness ratio of 50/50 
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CHAPTER 6 
CONCLUSIONS 
The purpose of this study was to investigate the application of natural, non-
nutritive sweeteners and sugar alcohols individually and in combination in an acidified 
whey protein beverage model (5% w/v whey protein isolate). Rebaudioside A, monk 
fruit extract, erythritol, lactitol, and xylitol, approved as GRAS by the FDA, were selected 
to develop sweetener combinations in order to provide a balanced flavor profile and 
sugar reduction with a “natural” status in acidified whey protein beverages. 
In the acidified protein beverage model, the ideal sucrose concentration was 
determined to be 10.1% by acceptance sensory testing using just-about-right scales with 
40 consumers. Individual sweetness equivalence of selected sweeteners (0.0876% for 
rebaudioside A, 0.130% for monk fruit extract, 15.5% for erythritol, 26.7% for lactitol, 
9.53% for xylitol) was determined by magnitude estimation scales using 12 trained 
panelists.  
Compared to previous studies and claims from manufacturers, results of ideal 
sucrose concentration and equivalent sweetness of selected sweetener proves that, 
sweetness intensity is food matrix dependent. The study provides new evidence and 
data in reference to an acidified protein beverage.  
Thirteen descriptors were generated by 11 trained panelists to evaluate the 
sensory profile of acidified whey protein beverages with sugar alcohols and high-
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intensity sweeteners individually and in combination (based on sweetness ratio of 
50/50). They were initial sweetness, sweet aftertaste, long-lasting sweetness, initial 
sourness, sour aftertaste, long-lasting sourness, initial bitterness, bitter aftertaste, long-
lasting bitterness, metallic taste, anise taste, viscosity, and dryness. Results from 
Quantitative Descriptive Analysis (QDA) shows that samples sweetened by rebaudioside 
A and monk fruit extract were significantly different in bitter, metallic and anise tastes 
compared to sucrose. The sweetness temporal profiles were also different from that of 
sucrose and sugar alcohols, with a weak sweet-onset and strong lingering sweetness. 
For combinations (at a sweetness ratio of 50/50), perceptions of three bitterness 
attributes, metallic taste and anise taste were decreased to the level of sucrose, while 
perceptions of initial sweetness and sweet aftertaste were adjusted to be close to each 
other, making the sweetness profile more similar to that of sucrose. As I expected, these 
results show a promising ability of sugar alcohols on covering negative taste sensations, 
and improving the sweetness temporal profile. However, by combining with sugar 
alcohols, the sweetness potency of monk fruit extract was significantly reduced, making 
those sweetener combinations distinct from combinations of sugar alcohols with 
rebaudioside A. It might indicate a different synergistic effect between sugar alcohols 
and rebaudioside A from that between sugar alcohols and monk fruit extract which 
needs further research. Therefore, based on the results, the combination of 
rebaudioside A and erythritol achieved the closest sensory profile to that of sucrose. 
Although sugar alcohols improve the sensory profile, results still shows 
significant differences in specific attributes for the sweetener combinations compared 
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to sucrose (i.e. initial sweetness and sourness). Therefore, more combination ratios 
should be investigated to optimize the ideal ratio for either acidified protein beverages, 
or other sugar-reduced foods/beverages in the future. More studies on the temporal 
profile of sweetness and synergistic effects should also be considered in order to obtain 
detailed information and data related to sweetener applications.  
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Appendix 1. 
Consent Form 
 I, (Date_________________) consent to participate in this research project and 
understand the following: 
PROJECT BACKGROUND: This project involves gathering data on beverages with different 
natural sweeteners.  The data will be collected for analysis and may be published.  You must be 
at least 18 years of age to participate. 
PURPOSE: The purpose of this research is to study the sweetness profile of different sweeteners 
in solutions. 
VOLUNTARY: The survey is entirely voluntary. You may refuse to answer any question or choose 
to withdraw from participation at any time without any penalty or loss of benefits to which you 
are otherwise entitled.      
WHAT DO YOU DO? All participants of the sensory panel will attend several discussions, 
trainings and evaluation sessions for a period of time to taste and describe the product profile. 
BENEFITS: Your participation in this research project will enrich the information base.  U.S. 
consumers enjoy the safest and most varied food supply in the world, in large part because of 
the great achievements of the food science research.  Using natural ingredients and decreasing 
calories are hot issues among consumers. Protein beverages might be a good vehicle to provide 
protein benefits to the American population. Natural, high-intensity sweeteners will give the 
beverage a clean label and low calories. 
RISKS: The expected risks are none other than those encountered in normal daily food 
consumption. All products have either been prepared under sanitary conditions or are 
commercially available products bought in a grocery store. If you know that you are allergic to 
dairy products (e.g. whey proteins or lactose intolerance), you may NOT participate in this study. 
CONFIDENTIALITY:  Your confidentiality will be maintained in that a participant’s name will not 
appear on the ballot or in the published study itself.  The data will only be reported in aggregate 
form. Score sheets/data will be stored for a period of seven years and then destroyed.  
 Thank you for your assistance in developing these new sweetener combinations. 
Although great strides have been made in the instrumental analysis of foods, the development 
of new foods still requires the human sensory response and feedback.  Your efforts are greatly 
appreciated.  If you have any questions regarding the study, please contact Dr. Ingolf Gruen at 
(572) 882-6746.  If you have questions regarding your rights as a participant in research, please 
feel free to contact the Campus Institutional Review Board at (573) 882-9585. 
Please keep one copy of this consent form for your records! 
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Appendix 2.  
Score Sheet of Acceptance Test on Ideal Sucrose Concentration  
Please rinse your mouth with water before starting.  
You can rinse at any time during the test if you need to. 
 
Do NOT go back and re-taste the samples once you have turned the page. 
If you have any questions, please ask the server now. 
 
Instructions:  
 
1. Start from the left 
2. Write down the sample code clearly 
3. Place all contents in the mouth  
4. Taste, and then expectorate the sample 
5. Place a mark in a box that best describes the perceived intensity of sweetness 
 
After one session finishes, please have a 5-minute break. 
Crackers will be served during break time. 
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Session # _________ Date_________  
 
Sweetness 
 
Sample # _________ 
Extremely 
Weak
Very        
Weak
Moderately 
Weak
Slightly 
Weak
Just About 
Right
Slightly 
Strong
Moderately 
Strong
Very      
Strong
Extremely 
Strong
 
  
Sample # _________ 
Extremely 
Weak
Very        
Weak
Moderately 
Weak
Slightly 
Weak
Just About 
Right
Slightly 
Strong
Moderately 
Strong
Very      
Strong
Extremely 
Strong
 
 
 Sample # _________ 
Extremely 
Weak
Very        
Weak
Moderately 
Weak
Slightly 
Weak
Just About 
Right
Slightly 
Strong
Moderately 
Strong
Very      
Strong
Extremely 
Strong
 
 
 Sample # _________ 
Extremely 
Weak
Very        
Weak
Moderately 
Weak
Slightly 
Weak
Just About 
Right
Slightly 
Strong
Moderately 
Strong
Very      
Strong
Extremely 
Strong
 
 
Sample # _________ 
Extremely 
Weak
Very        
Weak
Moderately 
Weak
Slightly 
Weak
Just About 
Right
Slightly 
Strong
Moderately 
Strong
Very      
Strong
Extremely 
Strong
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Appendix 3.  
Score Sheet of the Sensory Test Using Magnitude Estimation Scales 
Judge # __________ Session # _________ Date_________ 
 
Rinse your mouth before tasting each sample. You may eat crackers to cleanse your 
mouth. 
Please taste the first sample (R) and note its sweetness. This sample is given the value of 
“100” for its sweetness intensity. Please rate all of other samples in proportion to this reference. 
For example, if the next sample is twice as sweet as the sample R, assign it of “200”; if half as 
sweet as the sample R, assign it “50” and if 3.2 times as sweet, assign in a value of “320”. You 
may use any positive numbers including fractions and decimals. Please do not use the value of 
“0” to represent the sweetness intensity. 
 
               Sample R      100 
Sample # ________ 
Sample # ________ 
Sample #________ 
Sample #________ 
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Appendix 4.  
Score Sheet of the Quantitative Descriptive Analysis (QDA) 
The entire profile of protein beverages 
Judge # __________ Sample # _________ Session # _________ Date_________  
 
Instruction:  
1. Please begin with the left sample, write down your name and the sample code 
2. Taste the reference for the first (group of) attribute(s), expectorate or swallow 
3. Perceive the intensity and the characteristic of reference(s) 
4. Cleanse your mouth by water (or crackers if needed) 
5. Place adequate samples in your mouth 
6. Taste them by expectorating/swallowing 
7. Place a vertical mark on the horizontal line at the position that best describes the 
perceived INTENSITY of the given attribute 
8. Cleanse your mouth by water before you start with the next attribute 
9. Start with the next attribute by following Step 2-8 
10. After you finish one sample, please cleanse your mouth by a quarter of crackers and 
adequate water 
 
Tips: 
1. You can choose either expectorate or swallow references and samples. 
Attention: Please be consistent. If you choose to expectorate in your Attribute X evaluation 
for the first sample, please always expectorate (take the same action) to judge Attribute X for 
the following samples.  
2. It is not necessary to evaluate all attributes at one time. You could have several sips, 
evaluating each attribute per sip. 
3. If you eat crackers, please have enough water to make sure that you get rid of all 
crackers in your mouth. 
4. If you find a new attribute/perception that is not listed here, please use the additional 
line (“Others”) on the bottom of the last page to judge its intensity so that the unknown 
attribute will not affect your intensity evaluation of other listed attributes. 
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Taste 
Sweetness 
Initial sweetness 
None         A   B    C                   Extreme 
                                                                                                                                     
  
Long-lasting sweetness 
None         A   B    C                   Extreme 
                                                                                                                                     
 
Sweet aftertaste 
None         A   B    C                   Extreme 
                                                                                                                                     
 
Please cleanse your mouth and have a quick rest :) 
 
Sourness 
Initial sourness 
None         A   B    C                   Extreme 
                                                                                                                                     
 
Long-lasting sourness 
None         A   B    C                   Extreme 
                                                                                                                                     
 
Sour aftertaste 
None         A   B    C                   Extreme 
                                                                                                                                     
 
  
Please cleanse your mouth and have a quick rest :) 
 
Bitterness 
Initial bitterness 
None         A   B    C                   Extreme 
                                                                                                                                     
 
Long-lasting bitterness 
None         A   B    C                   Extreme 
                                                                                                                                     
 
Bitter aftertaste 
None         A   B    C                   Extreme 
                                                                                                                                     
 
 
Please cleanse your mouth and have a quick rest :) 
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Metallic taste 
None                     R                                                                     Extreme 
                                                                                                                                     
 
Please cleanse your mouth and have a quick rest :) 
 
Anise taste 
None                     R                                                                     Extreme 
                                                                                                                                     
 
Please cleanse your mouth and have a quick rest :) 
 
Mouthfeel 
Viscosity 
None                     R                                                                     Extreme 
                                                                                                                                     
 
Please cleanse your mouth and have a quick rest :) 
  
Dryness 
None                     R                                                           Extremely Dry 
                                                                                                                                     
 
 
 
Others 
None                         Extreme      
                                                                                                                                       
           
 
 
 
Congratulations! You have done one sample. 
PLEASE: 
1. Cleanse your mouth by water and crackers 
2. Rinse your mouth 
3. Have a break, at least 3-5 min 
4. Start the next one 
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Definitions of All Attributes 
 
Attributes   Definitions           
 
Initial Sweetness  Sweet flavor that can be tasted right away       
Long-lasting Sweetness  Sweet flavor lasts from initial perception until swallow, no change in intensity   
Sweet aftertaste  Sweet flavor remaining on the tongue after sample is swallowed        
Initial Sourness   Sour flavor that can be tasted right away       
Long-lasting Sourness  Sour flavor that lasts from initial perception until swallow, no change in intensity  
Sour aftertaste   Sour flavor remaining on the tongue after sample is swallowed           
Initial Bitterness  Bitter flavor that can be tasted right away       
Long-lasting Bitterness  Bitter flavor that lasts from initial perception until swallow, no change in intensity  
Bitter aftertaste  Bitter flavor remaining on the tongue after sample is swallowed           
Metallic taste   Metallic/mineral taste in the mouth        
Anise taste   Liquorice taste in the mouth         
Viscosity   The perception in the mouth that is related to thin and thick     
Dryness    The dry perception after sample is swallowed; remove the water from the tongue, making it feel dry  
 
  
120 
 
Appendix 5.  
SAS Codes 
ANOVA for QDA data 
options ls=95 ps=70;                                                                                                                     
data one; infile 'f:\qda\qdanew.csv' dsd firstobs=2 missover;                                                                            
input Panel Rep Trt$ IS LS SA Isour Lsour SourA IB LB BA M A V  D ;                                                                      
/*                                                                                                                                       
proc print;                                                                                                                              
                                                                                                                                         
proc glm; class rep trt;                                                                                                                 
model IS LS SA Isour Lsour SourA IB LB BA M A V  D=rep trt rep*trt;                                                                      
test h=trt e=rep*trt;                                                                                                                    
means trt/lsd lines e=rep*trt;                                                                                                           
lsmeans trt/ s p e=rep*trt;                                                                                                              
                                                                                                                                         
proc print;                                                                                                                                         
run;                                                                                                                                     
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PCA for QDA data 
title 'Wens Study'; 
data study; 
input Panel$ Rep$ Trt$ IS LS SA Isour Lsour SourA IB LB
 BA M A V D; 
datalines; 
P1 R1 S 9.3 5 3.5 5 5 5 0.4 0 0 0 0 3.1 5.5 
P2 R1 S 4.9 5.8 7.4 1.8 1.8 1.8 0.2 0.2 0.4 5.7 1.3 7.3 4.8 
P3 R1 S 4.1 6 6.1 0 0.3 0 0 0 0.3 0 0 8.5 0.3 
P4 R1 S 2.2 2.3 2.3 2.8 2.8 2.6 1 0.9 1.2 0.7 0.8 1.7 1.1 
P5 R1 S 5.3 5.3 2.6 2.7 2.7 4.5 0 0 0 0 0 5.8 7 
P6 R1 S 9.8 9.7 2 0.5 2.9 3 0 0 0 1.3 0 4 4 
P7 R1 S 11 9.2 9.2 4.1 2.9 2.5 1 0.8 0.3 9.4 0 3.8 11.1 
P8 R1 S 1.1 7.4 7.5 5.3 5.3 5.3 0 0 0 0 0 5.3 5.6 
P9 R1 S 7.7 9.2 1.1 1.2 4.5 3.7 0.3 1.3 3.9 3.5 0 0 1.9 
P10 R1 S 8.2 9.6 7.9 3 5.3 3.7 0.2 0.2 0.1 0.5 0.2 3.5 3.6 
P11 R1 S 3.1 1.4 5.2 6 1.2 0.4 0.2 0 0.3 1.8 1.4 7.1 12.4 
P1 R2 S 6.8 3.9 4.9 2 2 3.7 0 0 0.6 0 0 1.6 7.5 
P2 R2 S 0 5.5 7 0 2.2 0 0 0 0 0 0 4.2 1.3 
P3 R2 S 0 3.2 8.5 0 0.5 0.7 0.4 0 0.6 1.3 0 4.4 1.9 
P4 R2 S 1.8 2.4 2.4 1.8 2.6 3.2 0.6 0.6 0.7 1.3 1.3 3.9 4.1 
P5 R2 S 6.4 6.4 0.1 1.4 1.5 2 0 0 0 0 0 8.4 3.3 
P6 R2 S 7.7 5.9 3.9 0 2.2 1.2 0 0 0 1 0.4 1.7 1.5 
P7 R2 S 9.4 5.6 5.6 5.8 2.5 2.5 0.6 0.4 0.5 9 0 3.2 10.1 
P8 R2 S 7.5 7 7 5.1 5.1 5.1 0 0 0 0 0 5.3 0.8 
P9 R2 S 8.9 7.3 6.2 0.8 0.9 0.8 0 0.1 0 8.7 0 0 8.1 
P10 R2 S 9.7 11.1 9.6 2.4 1.8 1.7 0.2 0.1 0.1 0.5 0.1 1.8 2.9 
P11 R2 S 5.8 1.4 2.4 2.9 0.5 0.5 0 0.1 0.1 7.8 2.8 7.7 7.9 
P1 R3 S 10 10.8 10.7 2.5 1.9 1.8 0 0 0 0 0 0.5 2.1 
P2 R3 S 3.6 7.4 7.5 0 1.7 1.7 0 0 0.4 0 0 4.3 7.1 
P3 R3 S 4.4 5.3 2.3 0.9 1.8 2 0 0 1.7 0 0 4.5 4.5 
P4 R3 S 2.8 2.2 1.8 2.5 2.6 2.5 0.2 0.1 1 3.1 0.1 2.7 1.5 
P5 R3 S 7 7 0.2 3.3 3.2 4.8 0 0 0 0 0 9.2 2.1 
P6 R3 S 8.5 8.7 2 0.9 0.9 0.3 0 0 0 1.5 0.1 1.3 3.8 
P7 R3 S 9.2 6 5.8 2.5 2.4 2.4 1.2 0.6 0.5 12.5 0.1 3.7 11.6 
P8 R3 S 6.4 6.5 6.4 4.4 4.5 4.5 0 0 0 0 0 0.9 5.2 
P9 R3 S 4.3 6.7 5.5 0.4 0.4 0.5 0.1 0.1 0.1 0.5 0.1 0.7 1.6 
P10 R3 S 5.6 5.9 4.8 2.3 2.2 1.9 0.1 0.2 0.1 0.3 0.1 0.5 1.4 
P11 R3 S 3 7 3.1 0.9 0 0.5 0 0.3 0 3.3 1 5.6 1.5 
P1 R1 E 8.3 8.4 9.6 4.4 1.7 1.6 0 0 0 0 0 3.2 5.9 
P2 R1 E 7.1 7.1 6.9 2.1 4.7 1.7 0.1 0.1 0.1 1.4 0.5 4.4 9 
P3 R1 E 2.9 7.5 4.1 1.7 3.3 4.8 0 0.6 1.2 0.7 0 5.7 1.2 
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P4 R1 E 2.5 2.6 1.5 1.6 1.6 1.6 0.4 1 0.4 2.3 0.2 1.6 3.4 
P5 R1 E 5.2 5.2 0 2.2 2.2 1.8 0 0 0 0 0 9.2 6.3 
P6 R1 E 5.7 8.4 5.8 2 2 0.3 0 0 0 1 0 3.7 5.2 
P7 R1 E 11.2 11.3 9.2 4.1 4 2.9 1 0.4 0.5 5 0 3.8 10.5 
P8 R1 E 2.5 4.4 4.3 1.6 4.7 4.7 0 0 0 0 0 5.5 5.9 
P9 R1 E 1.3 9.1 7 6.5 3.6 0.9 0.3 0.1 0.7 1.2 0 1.3 6.7 
P10 R1 E 8.6 9.3 7.6 4.7 5.4 4.9 0.1 0.1 0.1 0.6 0.2 2.1 0.4 
P11 R1 E 10.2 9.6 9.4 2.5 0.9 6.3 1.8 1.1 1.5 1.3 2.1 7.8 7.7 
P1 R2 E 8.3 10.7 10.7 1.2 1.9 1.9 0 0 0.1 0.1 1.1 3.4 2.9 
P2 R2 E 4.9 5.9 5.7 0 3.1 4.9 0 0 0 0 0 6.9 0.2 
P3 R2 E 4.7 5.3 1.7 0 1.8 5 0.5 0.5 1.8 5.3 0 7.8 1.3 
P4 R2 E 2.3 1.6 1.4 1.4 2.9 2.5 0.6 0.6 0.6 5.2 0.2 4.1 4.3 
P5 R2 E 4.7 4.6 0.1 2.1 2.1 4.3 0 0 0 0 0 9.6 4.8 
P6 R2 E 8.7 9.6 3.7 1 3.8 2 0.4 0.1 0 2.5 0.5 3.6 3.7 
P7 R2 E 8.5 7.1 4.5 2.7 2.7 2.6 1 0.3 0.3 5.5 0 3.3 9.2 
P8 R2 E 7 7 7 3 2.9 4.8 0 0 0 0 0 2.4 2.9 
P9 R2 E 1.7 4.8 0.2 4.8 2.6 4.2 0.2 0.2 0.7 3.2 0.1 0.1 0.2 
P10 R2 E 7.9 8.9 5.8 3.5 3.5 2.5 0.1 0.1 0.1 0.5 0.2 4 1.8 
P11 R2 E 2.2 9.3 9.6 1.1 0.9 0.9 0 4.7 1.3 7 2.6 7.5 14.4 
P1 R3 E 11 11.1 10 2 2 2.5 0 0 0.4 0 1.1 4 9 
P2 R3 E 0 4.8 2.2 4.6 5.4 8.6 0 0 0 6.4 0 3.3 2 
P3 R3 E 2.6 9.7 5.6 0 1.8 0 0 1.2 2.6 0 0 1.8 6.6 
P4 R3 E 3.7 4 2.8 1.7 2.4 2.3 1 2.2 2.2 2.5 0.2 4.9 3 
P5 R3 E 4.4 4.4 0.1 4.5 4.5 4.5 0 0 0 0 0 9.3 5.2 
P6 R3 E 7.9 8 2 1.3 2.2 0.5 0 0 0 2.6 0.3 2.9 3.2 
P7 R3 E 9.5 5.5 2.3 2.2 1.4 0.5 1 0.2 0.3 9.8 0 3.5 10.3 
P8 R3 E 4.7 5.9 5.9 4.4 4.6 4.6 0 0 0 0 0 0.9 4 
P9 R3 E 4.9 4.8 0.5 0.9 4.1 1.3 0.1 0.1 0.1 0.4 0.1 0.1 0.5 
P10 R3 E 7.5 8 6.2 4.1 3.5 3.5 0.1 0.1 0.1 0.4 0.2 0.5 2 
P11 R3 E 7.2 7.9 4.9 0.2 0.2 1.6 0 0.7 0.1 1.4 1 3.8 9.5 
P1 R1 L 2.9 3.7 3.7 1.7 0 0.5 0.5 0 0 0 0 3.1 4.9 
P2 R1 L 2.5 4 4.5 0.2 0.8 1.3 0.1 0.5 0.4 4.7 0.6 7.7 8 
P3 R1 L 1.9 5.5 6.4 1.5 1.8 1.5 0.5 0.5 1.2 2.3 0 7.3 2.4 
P4 R1 L 2.3 2.4 2.5 2.5 2.6 2.5 0.5 1.5 1.7 3.4 0.2 2.2 3.1 
P5 R1 L 4.5 4.5 0.3 2.6 2.6 1.6 0 0 0 0 0 10.1 7.2 
P6 R1 L 4.6 4.6 2 0.3 3.6 1 0 0 0 0.9 0 1.8 1.9 
P7 R1 L 10.9 10.5 10.4 4.4 5.9 4.5 1.2 1 1 6.5 0 4.7 10.5 
P8 R1 L 2 4.7 4.7 1.7 4.8 4.9 0 0 0 0 0 5.4 5.6 
P9 R1 L 1.2 7.9 7.9 6 4.4 2.7 0.7 0.3 0.3 0.8 0.1 0.1 0.9 
P10 R1 L 8.6 7.5 5.2 6.1 6.5 4.8 0.2 0.2 0.2 0.3 0.3 1.7 0.4 
P11 R1 L 0.9 8.6 5.6 3.4 0.9 0.6 0 0.6 0.3 2.7 1.2 8.9 9.4 
P1 R2 L 5 6.5 6.8 4 5 5 0 0 0 0 0 1.7 10.9 
P2 R2 L 0 2.8 0 1.8 2.5 2.6 0 0 2.1 0 0 7.6 6 
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P3 R2 L 0 0 2 0 0.4 1.8 0 0.9 0.3 0 0 7.1 1.2 
P4 R2 L 2.3 1.6 1.4 2.2 2.4 2.5 0.2 0.1 0.2 3.6 0.1 2 2 
P5 R2 L 5.7 5.8 0 1.9 1.8 4.8 0 0 0 0 0 9.9 4.2 
P6 R2 L 4.6 4.3 2.8 0.2 0.9 0 0 0 0 1.9 1.5 2.2 5.5 
P7 R2 L 8.7 2.5 2.4 2.6 0.3 0.4 0.5 0.4 0.5 4.6 0 3.6 8.6 
P8 R2 L 1.8 5.4 5.4 3.3 4.6 4.6 0 0 0 0 0 5.5 5.6 
P9 R2 L 2.7 2.7 2.6 1.7 4.6 1.1 0.3 0.2 1.1 1.2 0.1 0.1 11.5 
P10 R2 L 6.9 7.5 6.3 2.2 2.8 3.7 0.2 0.1 0.2 0.3 0.2 1.7 0.8 
P11 R2 L 1.8 8.8 4.9 0.6 3.9 1.3 0.5 0 0 2.5 2.9 5.7 7.2 
P1 R3 L 6.9 7.7 7.8 3 2 2 0 0 0 0 0 5.4 2.2 
P2 R3 L 0 4.8 4.8 0 0 2.5 0 0 0 0 0 4.7 2.7 
P3 R3 L 3.2 9.3 5.6 0 1.7 1.3 0 0 0.9 5.5 0 5.2 2.7 
P4 R3 L 1.7 3.4 2.6 1.3 2.3 2.3 0.6 0.6 0.6 2.5 0.1 3.8 2.6 
P5 R3 L 8.1 8.2 0.2 2.9 3 4.4 0 0 0 0 0 8.9 2.7 
P6 R3 L 7.7 6.7 2 1.4 2 0.3 0 0 0 1.8 0.4 3.4 3.9 
P7 R3 L 4.7 2.3 2.4 4 2.3 2.2 0.9 0.2 0.2 12 0 3.1 10.8 
P8 R3 L 3.1 6.5 6.6 3 4.6 4.6 0 0 0 0 0 4 2.5 
P9 R3 L 0.6 2.4 0.7 1.8 0.3 0.3 0 0 0 1 0 0.9 0.1 
P10 R3 L 6 6.4 7.8 3.2 2.9 3.1 0.1 0.2 0.1 0.4 0.2 1.8 1 
P11 R3 L 1.3 5.3 3.4 0.1 0.1 0.5 0 0 0 4.9 0.6 4.8 2.6 
P1 R1 X 9.9 9.9 9.8 2.5 2.5 3.3 0 0 0.5 0 0.8 6.7 3.4 
P2 R1 X 3.1 5.8 2.1 2.1 5.3 4.5 0.1 1.4 2.4 6.5 0.2 7.3 4.3 
P3 R1 X 3.6 7.3 8.2 2.5 2.5 3.4 0.2 0.7 1.9 1.4 0 5.8 1.1 
P4 R1 X 4.6 1.7 1.7 1.7 3.3 3.8 1.4 1.4 1.7 2.4 0.2 3.9 6.9 
P5 R1 X 7.9 8 1.3 2.1 2.1 4.8 0 0 0.7 0 0 10.4 11.9 
P6 R1 X 8.1 8.2 2 4.5 4.4 0.3 0 0 0 0.6 0 2.1 1.8 
P7 R1 X 7.6 7.7 6.4 3.8 3.9 2.9 1.6 1.4 0.6 8.8 0 3.8 8.9 
P8 R1 X 3.2 3.4 3.3 3.2 3.3 3.4 0 0 0 0 0 5 4.1 
P9 R1 X 0.5 5.5 1.6 8.8 8.9 1.6 0.7 0.9 1.6 3.3 0.1 0.1 2.2 
P10 R1 X 5.3 8.5 6 1.6 1.2 1.5 0.1 0.1 0.1 0.2 0.1 2 2.3 
P11 R1 X 2.2 1.7 6.2 0.7 6.6 1.6 0 0 0.7 5.9 1.4 6.2 12.1 
P1 R2 X 9.9 10 11 1.2 0 0.4 0 0 0 0 0 1.6 9.8 
P2 R2 X 4.8 5.3 0 3.3 4.8 4.8 0 0 1.1 0.7 0 4.5 5.1 
P3 R2 X 0 1.5 2 0 3.5 2.7 0 0 0 1 0 2.6 3.4 
P4 R2 X 2.8 2.3 2.2 1.8 3 3.5 0.6 0.6 0.5 3.9 0.3 2.7 0.9 
P5 R2 X 2.5 2.5 0.1 1.9 1.9 5 0 0 0 0 0 9.3 5.6 
P6 R2 X 5 5 4.1 1.4 2.5 0.8 0 0 0 1.9 0.6 2.7 4.7 
P7 R2 X 5.6 5.6 0.5 4.2 3.6 3.4 0.8 0.3 0.3 4.7 0 4.2 7.8 
P8 R2 X 4.8 4.8 4.8 2.1 4.7 4.8 0 0 0 0 0 3.4 5.5 
P9 R2 X 5.6 7.1 0.9 1.2 3.1 1.6 0.4 0.3 1.3 1.8 0.1 0.4 8.5 
P10 R2 X 8.1 7.2 5.3 3.2 3.3 4.7 0.1 0.1 0.2 0.3 0.2 1.1 2.7 
P11 R2 X 1.6 2.4 7.5 0.6 4.1 5.2 0 0.3 0.1 6.3 2.8 4.8 12.4 
P1 R3 X 8.4 8.4 9.4 2.9 2 2 0 0 0 0 1.5 2.5 1.9 
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P2 R3 X 5.3 7.4 7.4 4.3 5.2 8.2 0 0 0.4 2 0 7.4 0.1 
P3 R3 X 0 4 2.9 0 2.5 3.1 0 0 0 1.2 0 0.8 1.5 
P4 R3 X 1.8 2.6 1.7 1.6 1.7 2.3 0.3 0.2 0.2 2.7 0.1 2.9 2.6 
P5 R3 X 8.6 8.6 0 3.8 3.8 4.4 0 0 0 0 0 9.3 5.5 
P6 R3 X 8.4 7.7 2 1.2 2.2 1 0 0 0 1.5 0.3 3.2 5.4 
P7 R3 X 9 4.6 0.6 4.6 3.6 2.2 1.1 0.3 0.2 8.7 0 3.8 8.9 
P8 R3 X 3.3 6.4 6.5 4 6.7 6.7 0 0 0 0 0 3.9 1.2 
P9 R3 X 4.9 4.9 0.2 2.4 4.6 3.6 0.1 0.1 0.1 1.2 0.1 1.5 3.5 
P10 R3 X 8.5 7.7 7.1 2.6 3.6 2.2 0.1 0.1 0.1 0.3 0.2 2 7.9 
P11 R3 X 4.1 5.4 4 0.1 0 0.8 0 0 0 3.9 0.8 7.5 6.2 
P1 R1 R 8.5 8.2 9.4 5.7 9.3 10 0 0 0.4 0 1.2 1.7 6.9 
P2 R1 R 3.5 5.3 6.3 1.3 3.4 3.4 0 0.1 1.6 2 0 7 6 
P3 R1 R 1.1 4.4 8.9 0 1 1.8 0 0.6 0 7.2 0 3.2 1.4 
P4 R1 R 1.6 2.7 1.6 1.6 3.3 2.8 0.2 0.2 1.1 1.2 0.1 2.6 2 
P5 R1 R 3.2 2.7 2.6 2.2 2.3 2.4 0 1.6 1.6 0 0 10.3 13.7 
P6 R1 R 14.7 14.6 7.5 9.4 9.4 7.1 0 3.4 3.5 10.9 0 4.4 1.3 
P7 R1 R 12.2 12.6 11.2 1 1 1 1.5 1.4 1.3 10 0 4.2 10.8 
P8 R1 R 3.2 3.5 9.5 3.5 3.5 0.1 0 0 0 0 0 4.4 6.4 
P9 R1 R 8.4 2.9 6.7 1.4 3.5 7.5 4.2 2.4 9 13.7 0 0 6.7 
P10 R1 R 11.2 11.2 9.5 1.4 2.9 2.2 0.1 0.2 0.1 0.3 0.3 3.8 2.4 
P11 R1 R 2.6 9.8 9.7 1.3 1.8 1 0 1.3 1.4 2.3 8.7 7.6 3.4 
P1 R2 R 8.8 10 10 1.3 0.7 0.8 0.8 0 0 1.4 0.9 1.9 3.1 
P2 R2 R 0 4.9 9.8 1 4.8 8.2 0 0 0 7.3 0 7.3 7.9 
P3 R2 R 0 3.4 1.5 0 4.1 5.3 0 0 0 0 0 4.6 5.8 
P4 R2 R 2.7 3.3 3.6 1.6 1.7 1.6 0.3 0.4 0.4 2.2 0.1 2.2 2.3 
P5 R2 R 3.2 3.2 0 1.7 1.7 0.4 1.1 1.1 0.6 0 0 5.9 8.5 
P6 R2 R 10.7 10.6 6 2 2.2 1.1 1.7 1.6 1.2 3.7 3.7 4.3 6.4 
P7 R2 R 9 5.5 5.5 7.3 5.7 5.6 3.3 2.2 2.2 10.5 0 4.1 11.2 
P8 R2 R 2.4 5.6 9 0 8 8 0 0 0 0 0 5.4 6.1 
P9 R2 R 0.4 0.8 4.4 3.5 3.6 1.3 5.3 5.5 8.7 1.9 0.1 0.1 0.1 
P10 R2 R 11.2 12.4 9.6 1 0.6 0.7 0.1 0.1 0.1 0.5 0.2 1.5 2.7 
P11 R2 R 1.6 5.8 4.7 3.7 1.7 1.6 0.5 1.7 0.8 8.3 9.2 7.7 10.6 
P1 R3 R 9 7.8 8 2.1 3.5 4.6 0 0 0 0 1.5 2.9 7.4 
P2 R3 R 5.6 9.8 9.7 1.9 4.8 5.3 0 0 3.3 0.6 0 3.6 7.9 
P3 R3 R 4.5 2.2 1.8 0.9 0.4 1.7 0 0 1.1 3.6 0 4.7 0.5 
P4 R3 R 1.8 1.8 1.7 1.6 1 1 1.2 1.3 1.4 2 0.1 1.8 1.3 
P5 R3 R 1.8 2.3 0.2 1.6 1.6 4 0.4 2.4 2.5 0 0 8.6 5.9 
P6 R3 R 10.4 10.5 2.5 1 1.8 1.5 1 1 0.1 3.8 3.8 1.6 3.9 
P7 R3 R 10.5 5.3 0.5 6.3 0.3 0.2 4.5 4.5 4.5 12.4 0 3.6 6.6 
P8 R3 R 3.6 8.9 9 4.5 6.5 6.7 0 0 0 0 0 5.4 5.5 
P9 R3 R 1.6 3.2 9.2 1.3 1.3 2.2 2.2 2.3 8.9 8.2 0.1 0.2 0.8 
P10 R3 R 9.5 11 9.5 1.7 2.3 2.2 0.2 0.2 0.1 1.2 0.1 0.2 0.8 
P11 R3 R 1.7 8.2 4.3 2.1 0.4 0.3 0.1 1.8 0.4 7.9 8 6.8 8.2 
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P1 R1 M 5.8 5.6 5.5 5 7.8 7.9 0 0 0 0 0 2.5 4.3 
P2 R1 M 5.1 7.5 9.8 0 3.9 4.6 0.1 0.1 0.2 7.2 0.1 5.6 3.7 
P3 R1 M 2 0.2 0.3 2.2 1.4 0.8 0 0.4 0 0.7 0 7.3 1.5 
P4 R1 M 3.7 6 7.8 2.7 0.5 0.4 0.9 0.9 0.9 1.6 0.9 2 5.9 
P5 R1 M 1.8 2.5 2.6 0.3 1.9 1.9 1.6 1.5 1.5 0 0 10.7 12.7 
P6 R1 M 14.8 14.8 6.8 3.3 3.4 0.4 1.9 1.8 1.8 3.9 0.6 2.7 2.9 
P7 R1 M 11.7 11.5 11.4 4.1 4.2 4.2 1 1 1 4.8 0 4.4 4.8 
P8 R1 M 0.3 9.1 10 8.3 8.3 0.3 0 0 0 0 0 4.1 4 
P9 R1 M 0.5 1 7.6 6.2 6.2 1.4 9.1 7.7 8.8 9.1 5.3 0.1 2.1 
P10 R1 M 9.8 10.3 9.2 3.4 4.3 2.7 0.1 0.1 0.1 0.6 0.2 2.5 1.1 
P11 R1 M 2.3 10.9 10 3.8 0 3.4 0.6 2 1.6 5.6 12.6 8 7 
P1 R2 M 3.2 7.8 8.1 3.7 2.8 2 0 0 0.2 0 0.6 1.2 7.3 
P2 R2 M 0 1.9 4.6 1.4 3.6 0 0 0 0 0 0 8.3 4.2 
P3 R2 M 2.6 4.1 5.9 2.4 2.4 4.5 0 0 0 2.3 0 3.8 4.1 
P4 R2 M 1.8 3.5 3.6 0.9 1 1 0.2 0.2 0.3 3.4 0.1 2.3 2.7 
P5 R2 M 0.3 3.5 4.8 1.9 1.9 4.8 0 0 0.7 0 0 9.3 7 
P6 R2 M 5 4.5 2.8 0.7 2 0.7 0.4 0.1 0 3.6 3.7 3.2 4.3 
P7 R2 M 12 12 12 4.4 2.3 2.4 1.1 0.4 0.3 9.1 0 3.6 11.5 
P8 R2 M 2.9 10.7 10.5 2 4.4 4.5 0 0 0 0 0 3.4 6.5 
P9 R2 M 1.6 8.5 9.5 5.8 5.9 2.3 0.2 0.3 1.1 10.4 3.2 0.4 1.4 
P10 R2 M 10.6 11.3 9 0.6 0.6 0.2 0.2 0.2 0.2 0.5 0.1 1 7.8 
P11 R2 M 1.5 10.5 6.2 6.2 0.7 0.7 0 2.8 2.3 2.7 8 7 4.9 
P1 R3 M 6.4 6.1 6 2 2.8 2 0 0 0 0 0.7 2.4 1.7 
P2 R3 M 0 5.9 8.3 5.7 5.7 8.8 0 0 0 4.1 0 3.5 8 
P3 R3 M 0.5 2.8 2.4 0 1.8 2.2 0 0 0.8 0.8 0 4.5 4.4 
P4 R3 M 2.3 3.2 3.4 2.3 1.5 0.2 0.3 0.4 0.5 1.8 0.1 2.7 0.2 
P5 R3 M 9.3 9.1 1.8 1.6 1.6 0.1 0 3.6 3.7 0 0 9 2.1 
P6 R3 M 5 9.7 2.3 1.1 1.6 2 0.2 0.1 0 3.6 6.2 2 3.8 
P7 R3 M 10.7 10.5 10.2 10.2 10.3 10.3 1.3 0.4 0.4 8.6 0 3.5 8 
P8 R3 M 2.5 3.3 3.3 4.7 7.2 7.1 0 0 0 0 0 0.7 6.5 
P9 R3 M 0.6 0.9 4.5 3.7 0.4 0.4 3.5 3.5 3.5 6.6 2.1 0.1 1.9 
P10 R3 M 8.7 9.3 9.5 2.4 3.2 2.9 0.2 0.2 0.2 0.5 0.2 1.4 2.8 
P11 R3 M 0.5 4 1 1.6 1.7 0.4 0 0.8 0.1 2.5 8 4.1 4.3 
P1 R1 ER 7 7.2 7.9 9.5 7.1 8.3 0 0 0 0 0 1.7 7.3 
P2 R1 ER 3.6 5.6 3.6 0 0.6 0.1 0.2 0.2 0.1 6 0 5.1 6.6 
P3 R1 ER 3.1 5.2 7.1 3.7 3.7 4.7 0 0 0 5.8 0 6.6 4.9 
P4 R1 ER 2.2 3.1 2.2 2.3 3.4 2.9 0.5 0.5 0.6 2.7 0.1 2.3 5.1 
P5 R1 ER 5.3 5.4 0 3.5 3.4 2.3 0 0 0 0 0 9.1 6.6 
P6 R1 ER 7.6 8 5.6 11.8 11.8 5.7 0 0 0.2 0.5 0.1 5.7 5.4 
P7 R1 ER 10.8 12.8 11.1 8.5 9.8 10.2 1.1 1.1 0.6 4.9 0 3.3 4.7 
P8 R1 ER 4.6 4.6 4.6 0 6.1 8.8 0 0 0 0 0 2.8 6.8 
P9 R1 ER 3.3 5.6 1.4 5.2 2.6 4 0.4 1.5 4.7 5.3 0.7 0.7 5.7 
P10 R1 ER 5.5 9.5 7.8 2.3 4.8 4 0.2 0.1 0.1 1.1 0.1 4.5 5 
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P11 R1 ER 3.8 8.7 7.5 1.4 4.7 1.6 0 0.6 0.1 5.9 5.1 5.2 9.2 
P1 R2 ER 5 5 5 1.9 1.6 1.4 0 0 0 0 0 2.4 3 
P2 R2 ER 4.9 5 5 3.4 3.4 7.5 0 0 0 0 0 6.5 4.6 
P3 R2 ER 0.8 0.9 0 1.3 2.3 4 0 1.3 0 2.5 0 3.9 4.5 
P4 R2 ER 2.7 2.9 2.9 1.8 2.9 3 0.8 1 1.1 4.6 0.3 2 5.2 
P5 R2 ER 5.7 5.7 0 4.6 4.5 2.4 0 0 0 0 0 9.1 4.6 
P6 R2 ER 3.6 4.7 2 0.4 1.3 1.8 0 0 0 3.3 0.8 2.7 7.4 
P7 R2 ER 11 5.5 5.5 6.7 2.4 0.4 0.5 0.5 0.5 8.5 0 3.9 9.5 
P8 R2 ER 7.9 8 8.3 4.8 4.8 4.8 0 0 0 0 0 5.7 1.6 
P9 R2 ER 5.5 9 1.7 3.2 1.6 4.6 0 0.2 1.7 5 0.1 0.1 4.2 
P10 R2 ER 6.8 7.5 5.3 4 3.5 3.5 0.1 0.1 0.1 0.3 0.1 1.6 2.4 
P11 R2 ER 1.7 5.2 5 1.6 0.3 0.3 0 0.7 0.3 6.2 8.3 4.9 8.7 
P1 R3 ER 8.6 9.9 9.8 5 4.4 4.2 0 0 0 0 0.4 1.3 3.8 
P2 R3 ER 4.6 4.9 4.8 0 4.8 3.8 0 0 0 2.4 0 3.8 7.2 
P3 R3 ER 3.2 2.4 1.6 1 2.4 1.7 0 0 0 2 0 4.3 4.8 
P4 R3 ER 1.7 1.7 1.6 1.7 1.8 1.7 0.2 0.1 0.2 2.5 0.1 2.2 2.3 
P5 R3 ER 7 7 0.3 2 2 4.3 0 0 0 0 0 9.4 5.4 
P6 R3 ER 3.6 4.1 2 0.8 1.5 1.6 0 0 0 3.7 0.8 3 2.9 
P7 R3 ER 10.4 5.4 1.6 5.3 4.6 2.3 0.7 0.3 0.2 8.1 0 3.9 9.6 
P8 R3 ER 3.5 5.4 5.8 4 6.9 7.1 0 0 0 0 0 1.9 1.3 
P9 R3 ER 4.5 4.4 0.2 0.1 1.5 1.8 0.3 1.4 1.4 2.2 0.1 0.1 1.6 
P10 R3 ER 5.5 5.8 5.2 1.4 1.5 1.3 0.2 0.2 0.2 0.3 0.2 0.6 3.5 
P11 R3 ER 1.4 4.8 1.6 1.5 4.6 2.6 0 0.1 0.1 5.2 2.4 7.3 10.8 
P1 R1 EM 3.7 6.2 6.6 9.9 7.8 8.8 0 0 0 0 0.7 1.2 6.1 
P2 R1 EM 1.6 2.3 0.2 0.1 2.6 4.8 0.1 0.1 0.1 3.4 0.1 5.1 5.6 
P3 R1 EM 0 0.9 0 4.5 4.5 4.5 0 0 1.1 2.2 0 6.9 7.3 
P4 R1 EM 1.9 1.8 1.8 3.7 3.8 4.1 1.1 1.3 1.6 2.5 0.3 2.5 4.1 
P5 R1 EM 2.7 2.8 0 3.9 4.1 5.2 0 0 0 0 0 8.8 6 
P6 R1 EM 4.4 4.4 0.8 5 5 0.4 0 0.3 0.3 2 0.1 1 7.5 
P7 R1 EM 7.4 8.9 9.1 9.7 9.6 9.5 1.5 0.6 0.4 6.9 0 4 9.6 
P8 R1 EM 3.5 3.5 3.6 0.1 3.3 5.1 0 0 0 0 0 3.4 7.3 
P9 R1 EM 0.8 2.7 0.3 8.7 3 1.4 0 0 0.4 9.4 0 0 0.3 
P10 R1 EM 5.2 5.7 4.2 3 4.3 4.7 0.1 0.1 0.1 1.9 0.1 2.4 3.4 
P11 R1 EM 4 0.8 2.5 2.2 9.5 7.9 0 1.3 0 1.3 0.9 6.4 15 
P1 R2 EM 4.1 3.3 3.3 5 4 5 0 0 0 0.1 0 2.1 9.4 
P2 R2 EM 0 1.1 0.2 1.8 3.2 4.9 0 0 0 7.8 0 4.3 5.1 
P3 R2 EM 0 2.5 1.5 1.8 2.7 4.3 0 0 0.6 1.8 0 5.6 1 
P4 R2 EM 1.5 1.5 1.5 2.3 2.7 2.7 0.7 0.8 1.1 2.4 0.2 3.3 0.7 
P5 R2 EM 1.5 1.4 0 1.8 1.8 4.7 0 0 0 0 0 8.7 6.3 
P6 R2 EM 2.4 2.5 0.6 1.1 2.3 1.8 0 0 0 1.3 0.2 0.8 3.2 
P7 R2 EM 1.7 1.2 0.3 5.8 6 5.7 0.5 0.3 0.3 3.3 0 3.5 6.5 
P8 R2 EM 7.4 7.4 7.4 2.6 2.6 4.5 0 0 0 0 0 1.9 3.4 
P9 R2 EM 1.4 1.8 0.4 5.5 4.5 3.1 0.1 0.3 1 8.2 0 1.2 2 
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P10 R2 EM 9.2 9.7 7 3.2 2.8 1.7 0.1 0.1 0.1 0.3 0.1 1.4 6.8 
P11 R2 EM 2.4 0.3 0.6 1.8 5.1 2.3 0 0.2 0.1 2.7 2.3 7.4 10.2 
P1 R3 EM 4.3 4.2 4 4.2 5 5 0 0 0 0 0.5 1.3 4.8 
P2 R3 EM 0 4.1 2.2 0 4.5 6.5 0 0 0 0 0 5.9 7.3 
P3 R3 EM 0 0 0 5.3 5.2 3.6 0 0 0 0 0 6.2 2.6 
P4 R3 EM 2.4 1.7 1.7 2.2 2.4 2.3 0.2 0.2 0.3 2.1 0.1 2.1 0.2 
P5 R3 EM 2.4 2.5 0.2 3.7 3.9 3 0 0 0 0 0 9.4 2 
P6 R3 EM 5 5.1 2.1 0.9 1.8 1.4 0 0 0 2.1 0 1.6 2 
P7 R3 EM 1.2 0.1 0.2 6.5 6.5 5.3 1.1 0.4 0.4 6.4 0 3.4 6.7 
P8 R3 EM 1.7 3.3 3.2 5.4 8.5 8.5 0 0 0 0 0 4 4.2 
P9 R3 EM 0.4 4.4 0.5 4.3 5.1 3 0.1 0.2 1.1 0.4 0 0.5 2.7 
P10 R3 EM 8 8.3 7.5 2.3 2.5 1.8 0.2 0.1 0.2 1 0.3 2 5.1 
P11 R3 EM 3.5 1.4 1.4 0.9 2.8 4.4 0 0.6 0.1 6.3 3 7.2 11.4 
P1 R1 LR 7.6 6.1 6.2 6.5 8.1 8.3 0 0 0 0 0.3 1.8 6.9 
P2 R1 LR 0.2 4.9 5.2 0.1 1.8 0.8 0.1 0.1 0.1 0.2 0.1 7.1 3.5 
P3 R1 LR 3.6 5.3 9.3 0.6 3.3 0 0 0 0 0.3 0 3.6 2.2 
P4 R1 LR 1.7 2.3 1.7 2.3 3 2.5 0.6 0.6 0.6 1.2 0.3 2.1 3 
P5 R1 LR 3.9 4 2.2 1.8 1.8 3.1 0 0 0 0 0 6.4 6.1 
P6 R1 LR 7.8 8.8 3.5 0.3 0.8 0 0.3 0 0 0.8 0 0.6 1.7 
P7 R1 LR 11.4 10.4 10.7 4.3 4.4 4.3 1.2 1.2 1.1 5.6 0 3.8 6 
P8 R1 LR 3 3.3 3.3 0 4.5 6 0 0 0 0 0 3.2 6.3 
P9 R1 LR 4.8 7.5 3.5 3.9 1 2.2 1.7 1.5 6.3 3.6 1.5 0 2.5 
P10 R1 LR 2.2 2.5 2.2 4.5 6 9.1 0.1 0.1 0.2 2.7 0.3 3.7 6.9 
P11 R1 LR 8.9 1.5 2.7 3.6 8.3 4.5 0.3 0.1 0.1 2.1 7.3 7.3 13.7 
P1 R2 LR 7.4 6 6 4.1 6.8 6.9 0 0.1 0.4 0 0 2.2 8.4 
P2 R2 LR 0 4.9 4.9 1.8 4.8 3.4 0 0 1.8 0 0 4.8 3.4 
P3 R2 LR 2 5.9 4.8 0.3 1.1 1.7 0.4 1.3 2.2 0 0 5.7 0.5 
P4 R2 LR 1.8 2.9 1.8 2.3 2.2 2.6 1.7 1.8 1.6 4.4 0.2 3.5 3.7 
P5 R2 LR 5.2 5.2 0 2.5 2.6 2.2 0 0 0.2 0 0 5.9 6.7 
P6 R2 LR 7.9 7.2 2.5 1.2 2.5 0.3 0 0 0 1.5 0.1 3.5 3.5 
P7 R2 LR 10.4 7.5 6 4.7 4.5 2.7 0.9 0.3 0.2 6 0 3.7 10.5 
P8 R2 LR 1.8 4.5 4.7 7.3 7.3 7.4 0 0 0 0 0 4.8 5.3 
P9 R2 LR 2.3 7.4 0.9 2.4 4.6 5.5 0.4 0.7 1.4 2.5 0.2 0.3 1.8 
P10 R2 LR 9 8.4 5.6 4.3 3.5 2.5 0.2 0.1 0.1 0.8 0.3 1.7 3 
P11 R2 LR 0.9 3.3 6 4.1 4.7 2.5 0.5 0.8 0 4.8 3.2 7.5 11.5 
P1 R3 LR 4 7.1 7.1 3.8 6.6 7.1 0 0 0 0 0 3.3 6.4 
P2 R3 LR 0 3.3 1.9 1.9 1.9 3.2 0 0.1 0 0 0 3.7 7 
P3 R3 LR 0 1.5 0.6 0 0.6 0 0 0 1.2 0.8 0 6.4 1.9 
P4 R3 LR 1.6 1.3 0.7 2.7 3.3 3.9 0.2 0.2 0.2 2.5 0.1 2.1 0.8 
P5 R3 LR 4.3 4.3 0 2.3 2.4 4.3 0 0 0 0 0 8.9 5.5 
P6 R3 LR 7.5 9.2 5.4 0.8 0.9 1.4 0.1 0 0 1.4 0 1.5 3.8 
P7 R3 LR 9.3 5.6 2.6 4.6 3.7 2.2 0.9 0.1 0.2 9.9 0 3.6 11.5 
P8 R3 LR 4.6 4.6 4.6 4.7 4.7 5.5 0 0 0 0 0 2.2 3.2 
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P9 R3 LR 3.5 6.3 4.4 3.9 2.8 0.9 0.4 0.4 1.6 5.4 0.1 0.1 1.1 
P10 R3 LR 10.6 11.4 10.7 1.3 1.2 1.5 0.1 0.1 0.2 0.4 0.3 1.2 1.8 
P11 R3 LR 3.8 6.5 3.2 1 0.9 3.5 0 0.9 0.1 4.2 4 4.5 3.2 
P1 R1 LM 3 1.9 2.9 4.8 6.9 6.7 0 0 0.5 0 0 0.8 2.7 
P2 R1 LM 0.1 1.9 1.9 0.1 4.1 4.8 0.1 0.1 0 4 1.1 5.7 2.2 
P3 R1 LM 2.3 3.5 1.7 1.6 2.3 2.3 0 0 0.5 0 0 7.5 0.5 
P4 R1 LM 1.5 2.6 1.7 1.8 2.9 2.8 0.9 1.1 1 1 0.1 2.7 1.3 
P5 R1 LM 2.6 2.7 0 2.2 2.2 4.7 0 0 0 0 0 9 6.4 
P6 R1 LM 2 7.9 0.4 5 6 0.3 0 0 0 1.5 1.1 3 7.5 
P7 R1 LM 8.2 8.3 6 8.7 8.7 8.7 2.9 0.7 0.7 3.5 0 3.8 3.5 
P8 R1 LM 3.3 3.3 3.4 0 4.8 7.8 0 0 0 0 0 1.8 6.5 
P9 R1 LM 1 8 0.3 3 4.4 6.3 0 0 0.9 2.3 0 1.2 0.9 
P10 R1 LM 6 8.9 6.7 2.2 5.3 4.4 0.2 0.1 0.1 0.4 0.2 1.6 2 
P11 R1 LM 1.3 4.1 2.2 5.1 2.9 2.6 0.3 0 0 1.4 6.6 7.6 9.4 
P1 R2 LM 6.3 4.9 5 6.5 6.6 6.7 0 0 0 0 0 2 8.4 
P2 R2 LM 0 2.7 2.3 1.8 4.8 5.5 0 0 1.5 0 0 3.8 7.7 
P3 R2 LM 0 3.8 3 1.7 2.9 2.2 0.4 0.4 1.2 5.6 0 9.9 3.3 
P4 R2 LM 1.8 1.8 1.7 2.8 3.4 3.2 0.7 0.8 0.9 1.6 0.1 4 3.3 
P5 R2 LM 3.4 3.4 0 4.4 4.4 4.8 0 0 0 0 0 9.6 6.4 
P6 R2 LM 3.7 2 1.4 2 3.5 1.7 0 0 0 1.4 0.5 2.7 4 
P7 R2 LM 2.9 3.3 2.3 4.2 4.4 3.8 1.1 0.3 0.4 9.5 0 3.8 10.2 
P8 R2 LM 2.4 3.7 3.8 7 7 7.1 0 0 0 0 0 4.2 5.6 
P9 R2 LM 0.6 2.7 0.2 3.2 2.3 4.4 0.3 0.4 1.5 2.5 2.7 0.2 8.8 
P10 R2 LM 3 4.7 3.5 4.9 4.6 4.2 0.1 0.1 0.1 0.4 0.1 1.3 1.3 
P11 R2 LM 0.4 2.7 4.8 4.7 2.7 3.1 0.2 0 0.1 3.3 5.9 6.2 14 
P1 R3 LM 8.3 7.2 7 4.3 4.9 5 0 0 0 0 0 2.8 2.8 
P2 R3 LM 0 3.2 3.2 2.3 4.5 4.6 0 0 0 0 0 3.5 7.2 
P3 R3 LM 0 3.6 2.3 1.5 2.6 2.2 0 0.2 0.3 5.1 0 3.4 1.6 
P4 R3 LM 0.5 0.9 0.8 1.6 2.7 3 0.3 0.3 0.3 3.1 0.1 2.4 1.3 
P5 R3 LM 0.5 0.5 0 4.6 4.6 4.5 0 0 0 0 0 8.5 5.8 
P6 R3 LM 3.5 3.5 1.3 0.8 1.3 1.4 0 0 0 2.9 0.1 2.2 2.3 
P7 R3 LM 4.6 0.8 0.2 7.1 5.3 2.4 0.5 0.2 0.1 5.8 0 3 8.6 
P8 R3 LM 4.7 5.8 5.8 4.6 4.6 4.5 0 0 0 0 0 0.3 5.3 
P9 R3 LM 0.4 1.3 3.3 5.4 5.3 5.4 0.2 0.2 1.5 1.3 0.1 0.1 1.7 
P10 R3 LM 3.8 4 4.3 1.9 2.6 2.1 0.2 0.2 0.2 0.6 0.1 1.1 1.9 
P11 R3 LM 0.5 3.2 0.6 4.6 5.3 2.8 0 0 0.1 6.8 7.1 5.3 13.7 
P1 R1 XR 7.6 9.1 9.2 2 1.2 0.8 0 0 0 0 1.6 2.6 2.5 
P2 R1 XR 1.7 4.9 4.9 0.9 3.5 5.3 0 0.1 0.1 4.9 0.1 7.7 5.5 
P3 R1 XR 0.9 4.6 4.6 3.5 4.2 2.8 0.5 0.8 0.3 3.2 0 6.1 5.3 
P4 R1 XR 2.2 3 2.2 2.2 2.5 2.5 0.2 0.3 0.5 0.9 0.1 2.2 4.4 
P5 R1 XR 2.6 2.6 0 2.6 2.7 4.8 0 0 0 0 0 6.4 6.8 
P6 R1 XR 4.8 4.7 2 5 5 0.5 0 0 0 2.6 0.3 3.7 4.4 
P7 R1 XR 11.6 11.6 10.7 3.8 3.9 2.9 1.4 1.1 1.1 9.5 0 4.1 10.6 
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P8 R1 XR 2.4 3.4 3.6 7.6 7.6 7.6 0 0 0 0 0 3.7 0.2 
P9 R1 XR 1.6 8.3 4.1 0.8 2.7 0.3 0.6 0.7 1.9 2.2 0 0 5.2 
P10 R1 XR 3.7 4.8 4 2.8 5.4 4.6 0.2 0.2 0.2 1.3 0.2 1.3 5.5 
P11 R1 XR 2.4 9.1 8.5 6.2 2.3 1.7 0.2 0 0.1 9.6 6.1 3.7 12.5 
P1 R2 XR 5 5 8.4 4.9 6.5 1.9 0 0.1 0 0.1 0 1.9 2.8 
P2 R2 XR 3.5 4.9 4.8 1.6 3.5 2.2 0 0 0 0 0 6.6 0.2 
P3 R2 XR 4.8 3.5 5.2 2.2 2.9 4 0 1.7 0 3.9 0 7.9 0.6 
P4 R2 XR 1.7 2.6 1.5 2.2 2.9 3.1 0.2 0.3 0.3 2.6 0.1 3 3.3 
P5 R2 XR 5 5 0 1.8 1.8 4.8 0 0 0 0 0 10.2 6.7 
P6 R2 XR 7.5 8.5 2 1.1 4.3 1.1 0 0 0 1.6 2.2 1.5 1.5 
P7 R2 XR 7.6 5.5 2.3 5.5 5.6 2.4 0.5 0.6 0.4 5.9 0 4.2 10.4 
P8 R2 XR 8.3 8.4 8 4.7 5.2 5.3 0 0 0 0 0 5.5 0.8 
P9 R2 XR 1.6 8.9 4.6 6.5 4.4 4.1 0.3 0.3 0.2 1.4 0.2 0.1 5.8 
P10 R2 XR 9.4 9 8.5 4.2 3.5 3.4 0.1 0.1 0.1 0.6 0.2 1.4 5.3 
P11 R2 XR 1.2 9.2 4.2 2.8 0.3 2.1 0 0.7 1 7.7 4 6 4.5 
P1 R3 XR 4.4 4.3 4.3 4.9 6 5.8 0.5 0 0 0 1 2.1 9.5 
P2 R3 XR 0 6.6 6.7 0 8.7 8.8 0 0 2.4 0 0 4.4 7 
P3 R3 XR 0 3.7 2.3 1 2.8 5 0 0 0 2.3 0 4.4 3.7 
P4 R3 XR 1.4 1.5 2.9 1.5 3 2.4 0.5 0.4 0.3 2.9 0.1 2.1 3 
P5 R3 XR 7.6 7.6 0 3.5 3.5 4.8 0 0 0 0 0 9.2 2.6 
P6 R3 XR 2.4 3.5 2 0.2 1.1 0.3 0 0 0 1.5 0.1 0.3 2 
P7 R3 XR 10.9 10.8 10.3 4.7 3.6 2.5 0.9 0.3 0.3 9.5 0 3.6 10.4 
P8 R3 XR 2.6 2.6 2.6 4.7 4.7 5.2 0 0 0 0 0 1.8 6 
P9 R3 XR 1.6 7.1 7.2 3.4 3.3 0.5 1.1 1.1 2.1 2.1 0.1 0.1 0.2 
P10 R3 XR 9.6 10.5 10.2 1.6 1.5 1 0.1 0.2 0.2 0.2 0.3 0.8 2.4 
P11 R3 XR 1.6 0.2 0.5 1.6 4.2 2.3 0 0 0 3.2 0.9 7.2 8.4 
P1 R1 XM 1.6 3.2 3.1 8.9 5.4 5.6 0 0.3 0 0 0 3 6.9 
P2 R1 XM 0.7 1.9 3.6 1.8 5.1 4.7 0.1 1.4 0.1 6.5 0.5 7.3 5 
P3 R1 XM 2.2 2.2 1.6 3.4 3.4 4.5 0 0.4 1.2 2.1 0 2.5 3 
P4 R1 XM 2.2 1.8 1.7 2.4 3.1 2.3 1.1 1.1 1 2.3 0.1 1.8 3 
P5 R1 XM 2.3 2.4 0 2.1 2.1 4.9 0 0 0 0 0 6.2 5.4 
P6 R1 XM 2 3 0.2 4.1 5 0.5 0 0 0 1.4 0 3.5 5.7 
P7 R1 XM 9.3 9.4 8.4 8.4 8.2 8.3 1.4 1.3 0.7 8.2 0 3.5 10 
P8 R1 XM 3.5 3.5 3.5 0.2 4.3 7 0 0 0 0 0 3.2 3.2 
P9 R1 XM 1.3 6.8 1.7 1.6 4.5 0.3 1.4 1.4 2.7 2.9 0 0 2.3 
P10 R1 XM 3.5 4.1 2.3 2.8 4.2 4.6 0.1 0.1 0.1 1.3 0.2 1.9 2.4 
P11 R1 XM 3.1 8.1 9.1 5 2 2.2 0.5 0.2 0.2 3.8 1.4 7.9 7.7 
P1 R2 XM 4.2 2.6 2.6 2.7 2 2 0 0 0 0.1 0 2.2 4.7 
P2 R2 XM 0 1.9 0.3 2.2 3.1 3.1 0 0 0 0 0 6 0.6 
P3 R2 XM 0 0 1.1 3.1 5 4.8 0 0 0 3.7 0 5.7 4.4 
P4 R2 XM 1.8 2.6 1.7 2.3 3.6 3.6 0.4 0.4 0.3 2.7 0.1 2.9 1.4 
P5 R2 XM 2.4 2.4 0 1.7 1.7 3.5 0 0 0 0 0 8.9 6.4 
P6 R2 XM 2 0.9 0 3.5 5.2 0.4 0 0 0 2.7 0.2 3.8 3.7 
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P7 R2 XM 1.6 0.2 0.2 9.5 9.6 8.3 0.7 0.8 0.8 9.4 0 3.5 12.2 
P8 R2 XM 2.3 4.4 4.6 5.7 5.7 5.7 0 0 0 0 0 4.4 4.5 
P9 R2 XM 0.5 1 0.6 3.4 2.4 3.5 0.2 1 1.1 8.2 0.1 1 0.7 
P10 R2 XM 5.6 6.9 5.3 2.1 2.6 2.6 0.1 0.1 0.1 0.3 0.2 1.4 4.7 
P11 R2 XM 1.7 0.1 0.2 1.3 9.7 5.7 0.3 0.1 0.1 4.8 4 6.9 10.7 
P1 R3 XM 4.5 3.4 3.2 7 7.6 7.9 0 0 0.4 0 0 1.5 12 
P2 R3 XM 0 4.9 0 4.9 5.1 7.4 0 0 0 2.2 0 7.4 9.4 
P3 R3 XM 0 2 2.2 0 2.5 2.5 0 1.3 1.7 0 0 3.8 1.8 
P4 R3 XM 1.6 2.6 2.6 1.5 2.3 2.3 0.3 0.2 0.2 3.5 0.1 2.5 2.5 
P5 R3 XM 4.3 4.3 0 2.8 2.7 4.8 0 0 0 0 0 9.3 1.3 
P6 R3 XM 4 3.1 2 0.5 2 1.4 0 0 0 1.6 0 1.5 2.4 
P7 R3 XM 4.1 1.5 0.4 4.1 2.4 2.3 1.6 0.2 0.3 9.7 0 3.3 10.2 
P8 R3 XM 3.5 3.5 3.5 5.2 5.2 5.2 0 0 0 0 0 3 5.5 
P9 R3 XM 1.3 4.2 4.1 4.3 1.7 1.7 0.5 0.5 0.6 1.6 0.1 0.8 0.9 
P10 R3 XM 9.3 9.8 10.2 1.8 2.5 1.5 0.1 0.1 0.1 0.6 0.2 4.5 6.2 
P11 R3 XM 1.6 0.3 0.2 0.6 5.8 5.6 0 0 0 2.8 1 6.7 11.1 
; 
ods rtf; ods graphics on; 
proc sort; 
by trt rep panel; 
 
proc means mean noprint; 
by trt; 
var IS LS SA Isour Lsour SourA IB LB BA M A V
 D; 
output out=meanice mean=mIS mLS mSA mIsour mLsour mSourA mIB mLB mBA
 mM mA mV mD; 
 
proc factor data = meanice scree score cov outstat=ice 
                rotate=none method=prin mineigen=0.01 plots=all; 
var mIS mLS mSA mIsour mLsour mSourA mIB mLB mBA mM mA mV
 mD; 
 
proc score data = meanice scores=ice out=scice; 
var mIS mLS mSA mIsour mLsour mSourA mIB mLB mBA mM mA mV
 mD; 
 
proc print data=scice; 
 
proc plot; 
plot factor2*factor1= trt; 
title 'PCA_study'; 
run; 
ods rtf close; ods graphics off; 
quit; 
 
